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Abstract 
In this thesis, in order to enhance the n-channel organic field-effect transistor (OFET) performance, 
amino functionalized self-assembled monolayers (A-SAMs) which consist of amino groups, a well-
known n-type dopant candidate, were introduced from the top of OFET surfaces and on the gate oxide 
surfaces. To obtain better understanding for optimization of OFET performances we attempted to 
elucidate the mechanism of surface doping and surface modification by A-SAMs. 
First, we studied the surface doping effect on the electrical performances of the PTCDI-C8 and N2200 
FETs by A-SAMs. The electrical performances of both transistors were significantly improved through 
surface doping, which were not induced by any molecular structure changes. Then, the doping effect’s 
dependence on the organic semiconductor (OSC) grain size, the thickness of OSC film and the dopant 
type was examined to elucidate the surface doping mechanism. Interestingly, the electron mobility 
saturation required a lower doping concentration than the threshold voltage saturation. We hypothesize 
that the electron mobility is increased because the small A-SAM molecules diffuse into the film through 
the grain boundaries and then accumulate at the grain boundaries at low doping concentrations. At 
higher doping concentrations, deep traps that exist at the dielectric surface start to be compensated, 
inducing a reduction of the subthreshold regime. From this study we found that the OSC film conditions 
and the chemical structure of the dopant are highly significant for the doping efficiency and need to be 
taken into account first in order to effectively enhance OFET performances by surface doping. 
Secondly, we investigated the effect of various kinds of SAMs on the OSC growth mechanism and the 
corresponding OFET performance by modification of the gate oxide. The mobility of PTCDI-C8 OFETs 
is significantly influenced by the morphology of the first few layers in films on SAM-treated substrates. 
The threshold voltage of OFETs fabricated on C-SAM-treated substrates were mostly the same, while 
that of OFETs fabricated on A-SAM-treated substrates negatively shifted with increasing numbers of 
amino groups. Through several theoretical simulations, we speculate that A-SAMs with longer alkyl 
chains could contribute more additional mobile charges inducing the threshold voltage shift of OFETs. 
This study suggests that both the OSC morphology and the interaction between OSC s and SAMs should 
be considered to effectively optimize OFET performances by the gate oxide modification with SAMs. 
Both the surface doping and surface modification of the gate oxide approaches have individual pros and 
cons. One needs to take into account the surface energy properties of SAMs and the resulting OSC film 
structure and pick the most suitable method to introduce the SAM material to the OFET (either doping 
or oxide modification) in order to obtain optimized device performances. Our study strongly suggests 
that both surface doping and surface modification of the gate oxide with A-SAMs could enhance other 
semiconductor-based electronic device performances. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1. Introduction 
  
2                                                                        1. Introduction 
Organic field-effect transistors (OFETs) have attracted great attention as essential components for large 
area flexible devices through low temperature and solution process. However, the electrical transport 
properties still need to be improved to realize commercial applications. The electrical performance of 
OFETs has been significantly increased as a result of considerable research efforts on materials and 
processes over the past decade that focused on new material synthesis,[1,2] interfacial engineering,[3–5] 
structural control of devices,[6] and introduction of dopants.[6,7] 
The introduction of dopants is one of the essential strategies to tune the electronic properties of materials 
with the goal to develop high performance OFETs. Dopants are commonly used to improve the charge 
carrier injection,[8,9] to increase conductivity[10–12] and to fill trap states.[13,14] Bulk doping is the most 
typical doping approach which directly introduces a dopant into OSC films. In this approach, the dopant 
material is mixed with the semiconducting host material, either by co-evaporation or ink-blending. 
However, there are multiple undesirable potential side effects from this approach: an increase in the 
background (off-state) conductivity and the generation of high densities of trap states and structural 
defects throughout the film, especially at higher dopant concentrations. For example, N2200 films 
doped over the critical concentration (0.5 wt%) of CoCp2 showed the decrease of the in-plane 
crystallinity and the electron mobility was decreased from 0.35 cm2V-1s-1 at 0% to 0.27 cm2V-1s-1 at 2 % 
of doping concentration.[15] With blending N-DMBI and C70, the mobility of the doped C70 transistors 
was doubled at 0.5% of doping concentration from 0.9 cm2V-1s-1 to 1.8 cm2V-1s-1, but at 5% of doping 
concentration decreased to 0.72 cm2V-1s-1.[16] In many cases, the presence of the dopant during the film 
growth or the solution deposition also leads to different growth behavior and resulting film structure.[17] 
Surface doping (SD), on the other hand, is less likely to have a detrimental effect on the organic 
semiconductor (OSC) film morphology because a dopant is applied from the top of the already prepared 
OSC film surface, and in the bottom-gate geometry even after all other fabrication processes are 
complete (with the possible exception of the electrode formation).[18,19] Recently, highly polar self-
assembled monolayer (SAM) materials have been used as surface dopants on rubrene single crystals 
and polymer surfaces, and the resulting samples showed an enhancement in the electrical conductivity 
by 2-4 orders of magnitude.[11,20] Compared to general organic salt dopants, SAM materials are usually 
cheaper and easier to be processed by both vapor and solution phases, making them highly compatible 
with many common device fabrication methods. 
In this work, we focused on developing a n-type surface doping process for organic materials to exclude 
adverse effects on the OSC morphology by the applied doping process. For bottom-gate top-contact 
OFETs, since the surface dopants are applied on top of the OSC film surface, the surface and structural 
properties of the OSC film can determine the efficiency of the surface doping effect. However, most of 
previous reports for surface doping did not investigate the role of the OSC film properties in detail and 
the surface doping mechanism in OFETs has in general not been thoroughly discussed so far. For 
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example, Abe et al. reported that the conductivity of pentacene increased by 4 orders of magnitude with 
locally deposited F4TCNQ.[21] For doped pentacene OFETs, the carrier mobility was the same as in 
undoped OFETs, but the threshold voltage shifted positively. However, the pentacene film conditions 
before the surface doping were not considered at all. Hӓhlen et al. also reported that F4TCNQ surface-
doped pentacene OFETs resulted in shifts of the threshold voltage.[18] However, the shift in threshold 
voltage decreased with the number of pentacene layers. While the authors concluded that the OSC film 
structure was important for the surface doping process, more detailed studies were not carried out. 
Therefore, further investigations to elucidate the surface doping mechanism are required to maximize 
the surface doping effect. Moreover, since the studies on surface doping have so far been limited to p-
type OSC materials and p-type surface dopants, surface doping studies for n-type materials need to be 
performed. 
We tried to identify effective n-type doping candidates that are suitable for a surface doping process by 
looking for possible counterparts to fluorinated SAMs (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane and (tridecafluoro-1,1,2,2- tetrahydrooctyl)-triethoxysilane which 
consist of the fluorinated alkyl chain (an electron-withdrawing part) and silane anchor groups and are 
well-known p-type dopants.[11,20] Our rational was that if an electron donating group was used instead 
of the fluorinated chain, an electron transfer to the OSCs could occur while the silane anchor group 
would, in addition, promote stable SAM film formation. Amino-functionalized SAMs (A-SAMs) had 
previously shown threshold voltage shifts in accordance with a n-type doping effect when coated on the 
interface between gate dielectric surfaces and OSC films.[22,23] Therefore, the amino group which is an 
effective electron donor and a well-known strong organic base with a lone electron pair was the obvious 
choice as a functional group for an electron-donating SAM surface dopant.[24,25]  
First, we tested the surface doping effect with different dopant processing routes—deposition by vapor 
and solution—and eventually focused on the vaporization method which can deposit dopant molecules 
on top of OFETs without any solvent. Various A-SAMs were tested on OFETs fabricated with two 
representatives of n-type OSCs: the small molecule N,N′-dioctyl-3,4,9,10-perylenedicarboximide 
(PTCDI-C8) and the polymer poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (PNDI2OD-2T, ActivInk™ N2200). As surface dopants, we 
employed A-SAMs with differing numbers of amino groups: 3-(trimethoxysilyl)propan-1-amine (TMA) 
with one amino group which is sometimes abbreviated as APTMS, and N-(3-
(triethoxysilyl)propyl)ethane-1,2-diamine) (TEDA) with two amino groups. 
A-SAMs were vaporized on the surfaces of completely fabricated PTCDI-C8 and N2200 FETs. The 
surface doping for OFETs resulted in the increase in the carrier mobility (10 times for PTCDI-C8 and 
3 times for N2200), the shift in the threshold voltage (from 16 V to 2 V) and the increase in the on-off 
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ratio without any adverse effects on OFET performances even at high doping concentration. From the 
differences in the carrier mobility between doped PTCDI-C8 and N2200 FETs, the significance of film 
morphology (PTCDI-C8 films have more open morphology) become a factor that needs to be 
considered. Since the film thickness and the grain size of PTCDI-C8 can be much more easily controlled 
by thermal evaporation than the morphology of the polymer N2200 which could be by variation of the 
solution processing conditions, the dependence of the surface doping effect on the thin film 
morphological details was studied for PTCDI-C8 films only. We also investigated the surface doping 
effect as a function of the chemical makeup of the dopants. To analyze this systematically, three different 
A-SAMs composed of the same silane group but the different number of amino groups were used; TMA 
with one amino group, N-[3-(trimethoxysilyl)propyl]ethylenediamine (TMDA) with two amino groups, 
and N1-(3-trimethoxysilylpropyl)diethylenetriamine (TMTA) with three amino groups. We also 
observed a significant improvement in the operational stability of OFETs that had been surface-doped 
with A-SAMs.  
Another simple and common way to enhance the electrical performance of OFETs could be the 
optimization of the OSC morphology through chemical modifications of the gate dielectric surface.[26–
29] The morphology details of the OSC layer such as the molecular orientation, the exact molecular 
packing as well as the degree of crystalline order are critical contributors to the observed electrical 
performances of OFETs.[30–33] It is well known that the chemical and physical properties of the gate 
dielectric surface directly affect the growth mechanism of OSCs that are deposited onto the dielectric 
surface.[27,29,34] Particularly, since the conducting channel is formed near the gate dielectric layer, the 
molecular orientation and ordering of the first few layers have a significant impact on the electrical 
transport properties[35,36] as well as the growth kinetics of the next layer, offering potential pathways for 
charge carriers by vertical bridging across the grain boundaries in the first layer.[37] The surface energy 
and roughness of the gate dielectrics are known as the main factors affecting the grain growth of OSCs 
including the molecular orientation/ordering and the grain size/connectivity.[27,38–41] Low surface energy 
of dielectrics generally leads to an improved crystallinity, a higher degree of molecular ordering and 
often larger grains in the OSC films all of which improve the effective carrier mobility.[39] In addition, 
the charge carrier mobility increases with both increasing OSC grain size and grain interconnectivity 
because the number of grain boundaries which can act as trap sites during the charge transport is 
reduced.[27,42] With decreasing surface roughness of the gate dielectric, the carrier mobility is increased 
due to the increased grain size and crystallinity of OSCs. [40,41] 
The most widely used approach to modify the gate oxide surface is the treatment of self-assembled 
monolayers (SAMs) on the surfaces, which can effectively control the surface energy and 
roughness.[39,43] SAMs can form stable covalent bonds to the oxide species on the dielectric substrate. 
The SAM treatment process is also simple and not limited by the size or shape of substrates. Using 
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different types of SAMs on the same substrate enables to fabricate the complementary-like circuit with 
one semiconducting material since the SAMs can control the major carrier type depending on the 
functional groups as well.[44,45] Thus, SAMs have been applied for various purposes such as surface 
modification,[46] micro patterning,[47] and chemical sensing.[48]  
While the terminal group of the SAM molecules largely dictates the surface energy seen by a 
subsequently deposited OSC material, SAMs can also bear additional electrical functionality regarding 
the device operation. There are several reports stating that the threshold voltage and the carrier mobility 
of OFETs were successfully enhanced only by modification of the gate oxide with SAMs.[49–52] The 
threshold voltage of PTAA and pentacene FETs were controlled by the SAMs with different dipole 
moments while the carrier mobility was not noticeably affected by the dipole in SAMs.[28] On the other 
hand, Gholamrezaie et al. reported that using SAMs with the different functional groups as gate-
dielectric surface modification resulted in the shift of the threshold voltages of PTAA FETs due to the 
charge trapping effect of the SAMs.[22] The threshold voltage values were 0 V for FETs fabricated on 
alkyl SAM (C-SAM)-treated oxides, 20 V for FETs with fluoroalkyl SAM (F-SAM)-treated oxides and 
-16 V for FETs with A-SAM-treated oxides. They argued that the surface potential values of the SAM-
treated surfaces measured by scanning Kelvin probe measurement were too high to be a result of dipole 
moments of SAMs and that the maximum surface potential values of the SAM-treated surfaces 
corresponded to the threshold voltage values of OFETs fabricated on each SAM-treated surfaces. 
Despite the importance and the impressive progress in the understanding of the relationships between 
the OSC morphology and the electrical properties of OFETs as well as the properties of SAM-treated 
surfaces, most of previous studies have only focused on the relation between the threshold voltage shift 
and the dipole moment of treated SAMs. The hypothesis that the dipole moment is directly responsible 
for the observed threshold voltage shifts which is still under debate.[53] Additionally, most of the studies 
on the effect of SAM-treated surfaces on the OSC growth and the electrical performances have been 
focused on p-type OSCs such as pentacene[38,54], P3HT,[55] PTAA,[22] and DH6T[50]. For n-type organic 
semiconducting materials, only the threshold voltage shift by various SAM-treated surfaces has 
received attention besides the OSC morphology.[56] Shukla et al. reported using 
octadecyltrichlorosilane-treated SiO2/Si enhanced the field-effect mobility of n-type small molecule 
N,N′-bis(cyclohexyl)naphthalene diimide from 0.0001 cm2V-1s-1 to 6.2 cm2V-1s-1, but no further 
explanation for the morphology or crystallinity of OSC films by the SAM-treated surfaces.[33] Hence, 
in order to provide appropriate gate dielectric surfaces for developing high performance n-channel 
OFETs, the modification of gate oxide by SAMs has to be studied further for the case of n-type OSC 
materials.  
As mentioned above, aminosilanes have previously already shown desirable effects in n-channel OFETs 
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such as a negative shift of the threshold voltage,[52,57] but the origin of the threshold voltage shift by 
aminosilanes is still under debate. Previous studies have only compared relatively the threshold voltage 
of OFETs using F-SAM, C-SAM, and A-SAM-treated surfaces but did not focus on the A-SAM 
material itself. Kobayashi et el. reported that pentacene transistors fabricated on F-SAM, C-SAM, and 
A-SAM-treated gate oxides showed different threshold voltage shifts, but the origin of threshold voltage 
shift was not fully proven to be caused by the A-SAMs.[23] In order to understand how aminosilanes can 
contribute to the shift in threshold voltage we need a better understanding of the interaction between 
the aminosilanes and the OSC.  
Therefore, we also extensively studied the fundamental relation between the SAM-treated surfaces and 
the n-type OSC (PTCDI-C8) growth mechanism for various types of SAMs that consist of the same 
methoxysilane anchor group but different functional portions and compared the resulting electrical 
performances of OFETs with a particular focus on the threshold voltage shifts. A variety of SAMs 
ranging from alkylsilanes to aminosilanes such as butyltrimethoxysilane (BTMS), 
octyltrimethoxysilane (OTMS), dodecyltrimethoxysilane (DDTMS), octadecyltrimethoxysilane 
(ODTMS), TMA, TMDA, and TMTA which were grown on Si wafers with 300 nm SiO2 to determine 
the effects of the length of alkyl chain and the number of amino groups on SAMs on the morphology 
and the electrical performances of PTCDI-C8 FETs.  
In order to better understand the observed threshold voltage shifts and their relation to the number of 
amino groups on the A-SAMs as well as the overall chain length, we also performed theoretical 
calculations in collaboration with the group of Dr. Frank Ortmann. Based on these calculations, we 
could determine that the dipole moment of A-SAMs cannot explain the threshold voltage shift. Instead, 
a charge transfer between the protonated amino group in A-SAMs and the PTCDI-C8 molecule might 
cause the observed threshold voltage shifts.  
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2.1. Organic Semiconductors (OSCs) 
2.1.1. Semiconducting properties of organic molecules 
Organic molecules are composed of carbon and hydrogen atoms which make up a main frame, and 
also a few heteroatoms such as nitrogen, sulfur, oxygen and etc. There are two classes of organic 
molecules in terms of the molecular weight: small molecules which are composed of a single or a few 
monomers and show a low molecular weight, and polymers which consist of more than 10 repeating 
units and typically exhibit a much higher molecular weight. 
Depending on how a carbon atom is connecting to the adjacent carbon atoms, the energetic levels of 
the valence electron are determined. A single carbon atom has the electron configuration of 1s22s22p2 
and when multiple carbons form a covalent bonds, their electron wave functions are mixed and the 
molecular orbitals are hybridized. When two carbon atoms are covalently bound to each other via a 
double bond (CH2=CH2), sp
2-hybridization occurs and both σ-bonds and π-bonds are established 
between the carbon atoms (Figure 1a and b). The π-bonds formed between the remaining pz orbitals 
are usually weaker than the σ-bonds formed by head-on overlapping between two atomic orbitals 
because the pz orbitals are not overlapped directly and locate in parallel. The electrons which 
participate in the π-bonding are delocalized below and above the molecular plane and can contribute 
to the electrical conductivity of the molecule (Figure 1b). When sp2 or sp-hybridized carbon atoms 
which have an available p orbital such as a lone-pair or vacant p orbital are filled with delocalized 
electrons, they can be called a ‘conjugated system’. Such systems typically occur when there are 
alternating single and double bonds between carbon atoms.  
A material can act as a semiconductor when the bandgap of the material is smaller than that of the 
insulator at room temperature (Figure 2). The band gap is the gap between the conduction band edge 
and the valence band edge in traditional semiconductor physics, but in case of organic materials the 
gap between the lowest occupied molecular orbital (LUMO) and the highest occupied molecular 
orbital (HOMO) is often casually referred to as band gap. The bandgap of organic molecules can be 
determined by the type and the length of the carbon backbone.  
Figure 2 and Table 1 show the bandgaps of the first five oligoacenes decrease with increasing 
conjugation length. Either π- or π*-orbitals can be formed depending on the sign of the electron wave 
function according to the molecular orbital (MO) theory. When the two orbitals overlap, constructive 
interference occurs when the signs of the electron wave functions are in the same direction (bonding 
MO) whereas destructive interference occurs when the signs of the electron wave functions are in the 
opposite direction, creating a nodal plane in which the electron density equals ‘0’ (anti-bonding MO).  
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Figure 1. (a) σ- and (b) π-bonds in ethene, as an example for the simplest conjugated π-electron 
system. (c) The energy levels of a π-conjugated molecule. The lowest electronic excitation is between 
the bonding π-orbital and the antibonding π*-orbital.[58] 
 
As shown in Figure 1c, the bonding π-orbital has a lower energy level (more stable) than the anti-
bonding π*-orbital. The electronic energy difference between π-orbital and π*-orbital is the lowest in 
such molecules for which the difference is typically called the ‘band gap’; in common conjugated 
organic semiconductors these gap values are between 1.5 eV to 5 eV while the bandgaps of inorganic 
semiconductors are typically in the range of 1~2 eV. Generally, the longer the conjugated system in an 
organic molecule is, the lower the band gap of the molecule is. For example, when butadiene (CH2=CH-
CH=CH2) is built by combination of π-bonding orbitals in two ethenes (CH2=CH2), two new MOs can 
be obtained. One is an occupied MO without a nodal plane and another is an occupied MO with one 
nodal plane. The latter is HOMO of butadiene, which has higher energy than HOMO of ethene. On the 
other hand, combination of the π*-orbital (antibonding) gives other two new MOs. One is unoccupied 
MO lying higher and another is unoccupied one lying lower than π* of ethene. The latter is LUMO of 
butadiene. Thus, the bandgap (LUMO-HOMO gap) of butadiene is lower than ethene. 
Unlike in inorganic semiconductors, there are only negligible concentrations of mobile charges in 
undoped organic semiconductors at room temperature. Consequently, organic semiconductors are 
sometimes called semi-insulators. However, using the appropriate dopants, photoexcitation, and 
electrode junctions, mobile charges can be injected or created, and organic molecules can present the 
property of semiconductors. In 1977, Shirakawa et al. first reported that the conductivity of 
polyacetylene films increased after exposure of chlorine, bromine, and iodine vapor[59] and they were 
awarded Novel prize in Chemistry in 2000.   
10                                                 2. Theoretical Background 
 
Figure 2. The electronic states in various types of materials at equilibrium. 
 
Table 1. The bandgaps of the first five oligoacenes. 
 
 
2.1.2. Charge Transport Mechanism in OSCs  
2.1.2.1. Band-like transport 
It is known that the charge transport in metal and conventional inorganic semiconductors generally 
occurs in the form of highly delocalized Bloch waves in their energetically broad bands and the charge 
carriers have relatively long mean free path. This band-like transport which shows over 1 cm2V-1s-1 of 
the carrier mobility is limited by the carrier scattering at phonons, especially thermally induced lattice 
deformation at high temperature, and by the ionized defects at low temperatures where phonons are 
frozen out. Accordingly, the carrier mobility in crystalline inorganic semiconductors decreases with 
increasing temperature. In some of organic semiconductors such as highly doped polymers, or ultrapure 
acene and oligophene crystals, the charge carriers can also show the band-like transport behavior. For 
example, the hole and electron mobility of ultrapure naphthalene increase with decreasing temperature 
and electrical field (Figure 3).[60]  
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However, since the mean free path of the carrier in amorphous organic semiconductor films where the 
carrier mobility is below 1 cm2V-1s-1 is shorter than the average molecular spacing and lattice constant, 
the charge transport modes of conventional semiconductors cannot be applied. The key differences 
between inorganic and organic semiconductors are that much higher densities of structural and chemical 
defects exist in organic semiconductor films and that they exhibit rather low dielectric constants. In 
addition, molecules in organic materials are packed with weak van der Waals forces instead of the 
covalent bond like inorganic materials. Thus, the charge transport models for crystalline semiconductors 
are not applicable. Moreover, the charge transport behavior in organic films depends on the morphology 
and mesoscale carrier location: intra-chain, inter-chain, inter-grain and so on. Hence, with consideration 
for the properties of organic semiconductor films, the charge transport mechanisms have been 
investigated and the models for estimation of the carrier mobility have been reported: i) Variable Range 
Hopping (VRH) model, ii) Multiple Trapping and Release (MTR) model, iii) the Polaron model and iv) 
the Poole-Frenkel effect.  
 
 
Figure 3. Electron and hole mobilities in ultrapure naphthalene vs temperature, log-log plot. At low 
temperatures the mobilities are electric field dependent. The solid lines indicate a Tn power-law 
temperature dependence with exponents n as indicated in the figure.[60] 
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2.1.2.2. Variable Range Hopping model (VRH model) 
Since organic semiconductors usually form amorphous or polycrystalline films, high densities of 
structural defects which generate localized electronic states exist. In 1998, Vissenberg and Matters 
reported the VRH model for deriving the carrier mobility in amorphous organic field-effect transistors 
which assumes charge carriers transport through hopping between the localized states in organic 
semiconductors.[61] For example, the carriers perform thermally activated hops between localized states 
rather than being activated to the mobile transport levels. In this model, a hopping distance and an 
energy distribution of the states are considered as the significant parameters because the carriers may 
either hop over a small distance with a high activation energy or a long distance with a low activation 
energy. When the charge transport occurs with a hopping process, phonons might actually promote the 
charge transport unlike in inorganic semiconductors. Therefore, the carrier mobility increases with a 
higher temperature as shown in Figure 4. The field-effect mobility can be estimated by Equation 1[62] 
in linear regime(-VD<-VG). 
 
Figure 4. Field-effect mobility (μFE) in a pentacene and a polythienylene vinylene thin-film transistor 
as a function of the temperature T for different gate voltages VG=-20 V (triangles), -10 V (circles), and 
-5V (squares). The symbols are the expearimental data and the solid lines are from Equation 1.[61] 
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2.1.2.3. Multiple Trapping and Release model (MTR model)     
The multiple trapping and release model is currently one of the most widely used models to explain the 
charge transport behavior in amorphous silicon. It assumes that charge carrier transport occurs in 
delocalized states and the carriers are repeatedly trapped and thermally released.[63] Both amorphous 
silicon and organic semiconductors have a low electrical conductivity due to a high trap density. 
However, atoms in amorphous silicon are bound with a strong covalent bond while molecules in organic 
films are bound by weak van der Waals forces. Thus, amorphous silicon shows energetically wide 
conduction and valence bands and trap distributions compared to organic films which have narrow 
transport bands and trap distributions.  
The conductivity and the IV characteristics plotted vs temperature (Figure 5) indicate that traps in α6T 
films are mostly shallow traps which exist between valence band edge and the fermi level.[64] Therefore, 
Horowitz et al. assume a single charge transport occurs in a narrow delocalized band and that the 
transport is limited by shallow traps near that transport band.[65] The charge carriers pass through the 
delocalized states and interact with a localized level by trapping and thermal release. At first, when a 
carrier reaches a trap state, it is instantly trapped with a probability of 1. Then, the trapped carrier is 
released by a thermally activated process and this two-step process repeatedly happens. Hence, the drift 
mobility (μd) can be estimated by a mobility (μ0) in the delocalized state by Equation 2 where Et 
indicates the distance between the trap level and the delocalized band edge, and α is the ratio of the 
effective density of states near the localized band edge to the concentration of trap states. 
 
Figure 5. Arrhenius plot of the conductivity of a α6T film with two gold contacts on the same side. 
The straight line at temperatures lower than 250 K (1000/T>4) corresponds to an activation energy of 
0.23 eV.[26]  
 
  
 𝜇𝐷 = 𝜇0𝛼𝑒
−
𝐸𝑡
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Equation 2 
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2.1.2.4. The Small Polaron model 
The charge localization in conjugated organic semiconductors can be caused by trap states but is, 
especially in polarizable molecular solids, also caused by the formation of so-called polarons. The 
polaron is a quasiparticle composed of a charge carrier and surrounding polarization field, which 
leads to deformations of the conjugation chains of the organic semiconductor. The polaron is formed 
by the strong electron-phonon coupling and localized in an energetic well. In other words, in 
conjugated molecules, a charge carrier is self-trapped by deformation of the molecules and forms 
localized states between conduction band and valence band. The type of polaron transport (band-like 
or hopping) is determined by how deep a trap well is. A useful model to explain the charge transport 
mechanism in organic semiconductors is the small polaron model reported by Holstein in 1959.[66] 
This model is strictly valid only for a one-dimensional and one-electron model without consideration 
of the electron-electron interactions. The mobility of the small polarons can then be estimated by 
Equation 3 derived from the time-dependent Schrodinger equation. 
 
   
 
2.1.2.5. The Poole-Frenkel effect (The field-dependent mobility) 
In 1938, Poole-Frenkel mobility was first introduced by Frenkel in order to explain the conductivity 
increase in insulators and semiconductors when applying high fields.[67] According to the Poole-
Frenkel effect, a trapped carrier in localized states can reach a conduction band without thermal 
energy in a large electric field. This accounts for a charge transport in organic semiconductors very 
well which a carrier mobility is field-dependent in a high electric field.[68] In general, a carrier 
mobility can be estimated depending on an electric field by Equation 4 where μ0 is a carrier mobility 
in zero electric field, β is the Poole-Frenkel factor β=(e/πεε0)1/2. 
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2.1.3. Organic Electronics – OLED, OPV, and OFET 
Organic semiconductors (OSCs) have been researched and applied to various kinds of electronic 
components for over 30 years. As compared to inorganic semiconductors, the most significant 
advantage is that OSCs can be employed on flexible substrates which enables roll-to-roll processes for 
mass production through low-temperature solution processes. The organic material-based devices 
which have been studied widely are organic light-emitting diodes (OLEDs), organic photovoltaics 
(OPVs or organic solar cells), and organic field-effect transistors (OFETs).  
OLEDs are already commercialized successfully, and are the most widely used organic devices. 
Recently, Samsung unveiled the Galaxy fold, the first foldable phone using an OLED display (Figure 
6). In 1953, Bernanose first found that organic materials with three benzene rings such as acridine 
orange show electroluminescence.[69,70] In 1987, the first OLED was fabricated by Tang et al. with Alq3 
and aromatic diamine, exhibiting 1% external quantum efficiency and 1.5 lm/W luminous efficiency.[71] 
OLEDs allow displays to be thinner with a good contrast ratio and viewing angle because OLEDs 
directly emit light and, therefore, the display does not require a back light.  
In general, the structure of OLED consists of a stack such as transparent substrate/anode/hole transport 
layer/emitting layer/electron transport layer/cathode. The operation principle is as follows: when 
applying voltages to the electrode of the device, the electrons and the holes move through the 
electron/hole transporting layer respectively. Then, they recombine and form so-called excitons 
(spatially coordinated and bound electron-hole pairs) in the emissive layer. When the excited state of 
this electron-hole pair decays radiation whose frequency is in the visible spectral region is emitted. The 
color of the emissive radiation is depending on the bandgap of organic semiconductors. The main 
research issues are the enhancement of the efficiency of blue OLEDs and the life span of the devices.  
    
 
Figure 6. Photograph of Samsung Galaxy Fold smartphone with its foldable 7.3 inch active-matrix 
OLED display. 
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OPVs are advantageous to fabricate lightweight, transparent and beautiful photovoltaic cells on flexible 
substrates (Figure 7). In a single junction device, the organic semiconductors are applied as a photo-
active layer with a bilayer or bulk-heterojunction structure. OPVs with a bilayer structure are usually 
structured as anode/hole transport layer (HTL)/p-type OSC/n-type OSC/electron transport layer 
(ETL)/cathode. The bulk-heterojunction type OPVs are structured as anode/HTL/heterojunction of p-
type:n-type OSCs/ETL/cathode. The bulk-heterojunction type solar cells generally show a higher power 
conversion efficiency (PCE) because the exciton diffusion length in organics is often only between 10 
to 20 nm which in bilayer junction devices limits the possibility of split carriers to reach the respective 
carrier transport layer or an electrode. To achieve a higher PCE, tandem structured OPVs have been 
researched with a highest reported PCE of 17.3% so far.[72] When the incident light reaches the photo-
active layer through the transparent substrate and electrode, an exciton which is an electron-hole pair is 
formed by the light energy. Then the exciton dissociates into a hole and an electron, and thereafter the 
hole and the electron diffuse to anode and cathode, respectively.  
However, the low PCE and the low light/thermal stability are still hurdles to commercialization of OPVs. 
The highest PCE of organic-based single solar cells is 16.5% while that of a Si-based single solar cell 
is around 30%. Even though, the PCE in OPVs has been increasing steeply since they were initially 
developed and is expected to continue increasing further. The stability is also one of the major issues in 
OPVs. The degradation of devices mainly results from the degradation of active layer because organic 
semiconductors easily react with water, oxygen and light, or the optimized film morphology is not stable 
due to the thermal energy generated under operation. Further studies need to improve the device stability, 
for example by design of organic semiconductors with a stable chemical structure or by introduction of 
anti-photooxidants.  
 
 
Figure 7. Left is the polymer solar cells fabricated on the plastic substrate. Right is the transparent 
polymer solar cells with the metal oxide-metal-metal oxide electrodes. 
 
2.1. Organic Semiconductors (OSCs)  17 
 
Lilienfeld first proposed the principle of the field-effect transistors (FETs) in 1960[73], but the first 
realization of FETs was achieved by Kahng and Atalla in 1960.[74] After Tsumura et al. first fabricated 
the polythiophene FET which shows the carrier mobilities of 10-5 cm2V-1s-1 in 1986, the reported highest 
mobility of rubrene single crystal and pentacene single crystal transistors is currently 40 cm2V-1s-1.[5] 
Generally, the OFET has a double metal-insulator-organic semiconductor (MIS) junction structure, in a 
three-terminal device (source, drain and gate electrodes). The bottom-gate, top contact FET has a layer 
structure of Si/SiO2/organic semiconductors/contacts. For convenience, a highly doped Si wafer with 
thermal oxide is often used as a substrate, dielectric and a gate electrode at the same time. When 
applying voltages to a source electrode, currents flow through a channel region that forms near the gate 
oxide layer from the source to the drain electrode. The gate electrode is used to modulate the currents 
which flow between source and drain electrodes. The detailed explanation will be given in the next 
section (2.2). Mechanically flexible or even stretchable FETs have attracted much attention and have 
been realized by increasing the flexibility of polymer chains and by use of flexible or stretchable plastic 
substrates. For example, Oh et al. developed highly stretchable OFETs by introducing PDCA moieties 
directly into the polymer backbone (Figure 8a).[75] Additionally, OSC nanowire-based FETs can 
function despite undergoing a 17 times 3D volume changes when attached a rubber balloon (Figure 
8b).[76] Based on OFETs, many applications have been researched on flexible substrates such as 
sensors,[77,78] memory devices,[79] light emitting transistors (LETs)[80,81]. In order to achieve high carrier 
mobility, operational stability, and a low operating voltage (near 0 V), many extensive studies have been 
conducted in aspects of new material synthesis,[82,83] doping,[84,85] and interface engineering.[23,45,86]  
 
 
Figure 8. (a) Design of stretchable and healable semiconducting polymer OTFTs and the mechanism 
for enhancement of stretchability in conjugated polymers via dynamic bonding.[75] (b) Digital images 
of a deformable FET with serpentine OSC NW mounted on the dynamic surface of a pulsating balloon 
that mimics a beating heart.[76] 
18                                                 2. Theoretical Background 
 
2.2. Organic Field-Effect Transistors (OFETs) 
2.2.1. Operation Principle  
The OFET operation principle can be related to the physics of the metal-insulator-semiconductor (MIS) 
junction that is the foundation for all FETs. The energy band diagram of MIS capacitor (Figure 9a) is 
shown in Figure 10. In an ideal case, the bands are flat when the applied voltage is zero which leads to 
Equation 5 where φm is a work function of metal, Eg is a bandgap of semiconductor, q is the absolute 
electron charge, and φb is a potential difference between the Fermi level (Ef) and the intrinsic Fermi 
level (Ei) which is located close to midgap. In the non-ideal case, a small potential Vfb (the flat band 
voltage) should be applied to get the flat band condition.  
The operation principle of MISFET is as follows. When applying voltages to the MIS diode, three 
different operation modes occur near the insulator-semiconductor interface depending on the applied 
voltage. When a higher gate voltage than a flat band voltage is applied to the n-type diode (Vg>Vfb), the 
associated electric field draws negative charges from the source into a narrow semiconductor region 
near the insulator layer. This creates an accumulation layer of electrons (accumulation region, Figure 
11a). When a lower voltage than a flat band voltage is applied (Vg<Vfb), the majority carrier (electron) 
is depleted (depletion region, Figure 11b). When larger negative voltage is applied (Vg<<Vfb), the 
minority carrier (hole) density exceeds the majority carrier (electron) density (inversion region, Figure 
11c). 
An OFET has generally the same structure as the thin film transistor (TFT, Figure 9b). The concept of 
a TFT was first introduced by Weimer in 1962.[87] OFETs can be thought of as being composed of two 
parallel metal-oxide-semiconductor (MOS) capacitors, which mainly operate in accumulation regime. 
In accumulation regime, charges can be generated near the interface between dielectric and organic 
semiconductors (OSCs). The source electrode is a charge-injecting contact and the drain electrode is a 
charge-extracting contact. The currents flow through a channel from the source to the drain, which is 
controlled by a gate electrode. 
However, contrary to MISFET, it is technologically challenging to produce OFETs that efficiently 
operate in inversion mode with one difficulty being to inject minority carriers effectively. Lüssem et al. 
reported the first pentacene FETs that operated in inversion mode.[8] The OFETs which can both operate 
in depletion and inversion regime were realized by a doped pentacene layer at the interface between 
pentacene layer and gate oxide or contacts. The injection of minority carriers into the doped channel is 
achieved by doped contacts, which allows an inversion layer to be formed.  
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Figure 9. Schematics of (a) the metal-insulator-semiconductor FET (MISFET) and (b) the thin film 
transistor (TFT).[88]  
 
 
Figure 10. Band diagram of an ideal MIS structure at equilibrium.[88]    
  
 
 𝜙𝑚 − (𝜒 +
𝐸𝑔
2𝑞
+ 𝜙𝑏) = 0 Equation 5 
 
 
 
Figure 11. Schematics of three operation modes, (a) accumulation (Vg<Vfb) (b) depletion (Vg>Vfb) and 
(c) inversion (Vg >>Vfb) in n-type MIS diode.  
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2.2.2. Device Geometry of OFETs 
Figure 12 shows four different types of the OFET geometry. The geometry of device strongly influences 
the electrical performances and the ease of the fabrication process. All of them have their individual 
advantages and disadvantages. In co-planar type devices the source/drain contacts touch the dielectric 
layer (Figure 12a and d) whereas in staggered type devices, the insulator and the semiconductor layers 
are sandwiched by the source, drain and gate electrodes (Figure 12b and c). 
The staggered type has less problems with charge injection because it has a bigger effective injection 
area than the co-planar type. For the bottom-gate staggered type device (Figure 12c), the contacts are 
evaporated on semiconductor layer. This has the disadvantage that the organic semiconductor (OSC) 
could be damaged. Also, this type of device shows high operation voltages. For the bottom-gate co-
planar type device (Figure 12d), contact engineering of the interface between metal-OSCs is easily 
achieved, but OSCs deposited on an electrode can still grow in a suboptimal morphology.  
In order to achieve short channels, vertical geometries for OFETs have also been studied. The 
fabrication process for vertical OFETs (VOFETs) is more challenging than the general TFT geometries 
since several layers should be stacked mainly by vacuum deposition process as shown in Figure 13. 
However, the stacking also can be an advantage since the device can be directly coupled to client device 
such as OLED.[89]   
 
 
Figure 12. Four different types of OFET structures with (a) top-gate top-contact co-planar, (b) top-gate 
bottom-contact staggered, (c) bottom-gate top-contact co-planar, and (d) bottom-gate bottom-contact 
staggered.[90] 
 
Figure 13. Schematic of vertical pentacene OFET structure.[91]  
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2.2.3. Contacts (metal/semiconductor junction) in OFETs  
In conventional single crystal silicon MOSFETs, the charge carriers are injected by tunneling from a 
metal contact to heavily doped silicon bulk. After the injection, the charge carriers can easily transport 
from the contact to the channel. Therefore, MOSFETs have excellent contact properties, so called 
‘Ohmic contacts’, since the doped region and the channel are based on the same material with different 
doping concentration.[3] However, OFETs have a metal/semiconductor junction consists of 
heterogeneous materials which induces a high contact resistance (Rc). The contact resistance of OFETs 
is usually around tens of kΩ cm while MOSFETs have the contact resistance value of less than 
0.1 Ωcm.[92,93] Hence, the transistor performances are highly limited by the poor charge injection.  
There are two types of contact, Ohmic and Schottky contacts which can be formed from a 
metal/semiconductor junction (Figure 14). Ohmic contact is a non-rectifying electrical junction 
between two materials, which shows a linear current-voltage (I-V) characteristics (I=V/R). On the other 
hand, a Schottky contact is a rectifying electrical junction between metal and semiconductor materials, 
which shows a non-linear I-V behavior due to a potential barrier, the so-called ‘Schottky barrier’, for 
charge carriers formed at the junction. In case of Schottky contacts, the charge injection from 
metal/OSC junction can be described by thermionic emission or a tunneling mechanism (Figure 15). 
In both cases, the current density can be modelled by Shockley diode equation (Equation 6) where Va 
is an applied voltage.  
 
 𝑗 = 𝑗0 ( 𝑒
𝑞𝑉𝑎
𝑘𝑇 − 1) 
 
Equation 6 
 
 
 
Figure 14. Energy diagrams of (a) before contact, (b) Ohmic contact (electron accumulation type 
contact) and (c) Schottky contact (electron depletion type contact) of a metal and a semiconductor.[94]  
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Figure 15. The charge injection from metal/OSC junction by (a) thermionic emission and (b) field 
emission (tunneling).[3]  
   
When a large voltage is applied or a semiconductor is heavily doped, the Schottky barrier width gets 
very thin and therefore, a carrier tunneling can produce an efficient injection current. Another possible 
process is that if high densities of gap states exist near the interface in the bandgap, charges can tunnel 
from a metal to the gap states and then hop to a transport level of OSCs (injection via gap states).  
The Schottky barrier height (φB) has been predicted by the Schottky-Mott rule which states that the 
barrier height should equal the difference between the vacuum work function of the metal and the 
vacuum electron affinity or ionization energy of the semiconductor (φB≈ φmetal-χsemiconductor). After contact 
of a metal and a semiconductor, the band in a semiconductor bends to match a fermi level with a metal 
(Figure 16). This model correctly predicts that band bending will occur in the semiconductor, but fails 
to give a correct prediction for the barrier height φB. This is mainly due to ‘Fermi level pinning’ which 
often occurs in organic semiconductor-metal junctions and which means that the Fermi level is fixed 
(pinned) at a certain point in the bandgap (Figure 17) due to high densities of interface states.  
 
 
Figure 16. Schematic illustration of energy diagrams of metal/semiconductor junction obeying 
Schottky-Mott rule (a) before contact of two materials, (b) when two materials are nearly toughing and 
(c) after contact of two materials.[95] 
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Figure 17. Schematic illustration of Fermi level pinning effect. (a) Before contact of two materials, (b) 
when two materials are nearly toughing and (c) after contact of two materials.[95] 
 
2.2.4. Dielectric material for OFETs 
The electrical characteristics of OFETs are significantly affected by the properties of a dielectric 
material which separates a gate electrode from the charge transport channel. A dielectric material, an 
insulator, is electrically polarizable on a microscopic level and when an external electric field is applied 
forms dipoles which aligned with the electric field. A dielectric material for use in OFETs should exhibit 
low leakage current despite low thickness and not to trap charges from the channel. The surface of 
dielectric needs to be smooth and exhibits a low surface energy to grow high quality OSC films.  
Since the relative dielectric constant k affects the MIS capacitance directly (Ci=ε0k/d where d is the 
thickness of the dielectric film), there are pros and cons depending on how high the k is. Low k materials 
which have less polarization effects would in principle produce faster switching between the transistors 
on-off states at the expense of low current amplification. High k materials on the other hand show higher 
output currents and lower turn on voltages in devices. Silicon dioxide (SiO2) has been widely used for 
its simplicity in the fabrication process and smooth surfaces but has a k value of only around 3.9. 
However, realistic devices with applications in digital electronics need to operate at low voltages which 
means that thinner or high k dielectric materials have to be applied for devices. A problem here is that 
thin dielectric materials have leakage problems and high k dielectrics also often show high leakage 
through crystalline regions. In addition, inorganic high k dielectrics form poor quality interfaces with 
OSCs. Thus, low k polymer dielectrics are also commonly employed because they are well-processable 
and make good interfaces for OSCs – in fact, the highest mobilities for a given OSC are typically 
measured on fluoropolymer dielectrics such as Cytop.[96,97] Even though SiO2 is one of the most 
commonly used gate oxide with their good insulating property, it is commonly passivated with self-
assembled monolayers (SAMs) such as hexamethyldisilazane (HMDS)[98,99] and octadecylchlorosilane 
(OTCS)[43,100] to achieve better surface properties. 
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2.2.4.1. Polymer dielectric  
Several good standard polymers have been used as dielectric materials such as PVP (k≈4.5), PS (k≈2.6), 
PMMA (k≈35), PVA (k≈7.8), and so on (Figure 18). It is much easier to be processed with spin-coating 
at low temperature and much cheaper than inorganic materials. Polymer dielectrics can be deposited on 
flexible and bendable substrates and show a low surface energy. However, they have pin-hole defects 
which induce leakage currents, therefore, thick films are often needed. Multiple coatings of polymers 
can lower the probability to have defects. Since polymer dielectrics are applied with cross-link reaction 
and k depends on the cross-linking density, they have to be well cross-linked. One of the most widely 
used polymer dielectric showing high mobility is ‘Cytop’ which provides high quality interfaces and 
little energetic disorder[96] but it has low k≈2. 
 
 
Figure 18. Chemical structures of various polymer dielectric materials.  
 
2.2.4.2. Self-Assembled Monolayers (SAMs) 
SAMs consist of a head group which commonly includes silane, phosphonate and thiol, a tail group and 
a functional (end) group. They usually provide a better interface to organic materials with ultrathin layer 
and are used to passivate inorganic dielectrics such as AlOx and SiO2. Usually the head groups in SAMs 
bind to oxide species of thin oxide film. By using vapor and solution process, SAMs can be easily 
deposited on substrates[101] but it is not easy to make a densely packed monolayer. When 
octadecylsilanes were treated on SiO2/Si surfaces, better carrier mobility and on/off ratio were achieved 
than PVP/SiO2/Si or bare SiO2/Si substrates.[43] 
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Figure 19. Chemical structure of commonly used SAMs with different head groups. From left, 
trialkoxysilane, trichlorosilane, phosphonate and thiol. 
 
2.2.5. Current-Voltage Characteristics of OFETs 
2.2.5.1. Current-Voltage Characteristics 
Some assumptions are needed to derive the equations which are used to quantify the electrical currents 
in OFETs. In the gradual channel approximation, the electrical fields in the device are considered as 
separate vertical (gate) and horizontal components (source and drain). The vertical field generates the 
charges by accumulation and the horizontal field transports them. The current flow is limited to drift in 
the source-drain electric field, and diffusion is disregarded. The carrier mobility is assumed to not be 
electric field-dependent and the gate capacitance per unit area (Ci) is furthermore assumed to be uniform 
across the channel. Since the charge density in the channel is not uniform, Ohm’s law does not generally 
apply to the entire transistor channel. Thus, the channel needs to be treated as series of an infinitesimally 
small slices of length dx (Figure 20) which allows the I-V characteristics of OFETs to be derived and 
expressed by the following equations (Equation 7-Equation 13).  
When applying a smaller drain voltage Vd than a difference between gate voltage and threshold voltage 
(Vg-Vth), so-called ‘linear regime’, the channel uniformity is high, therefore, the conductivity (resistivity) 
is constant across the channel. I-V characteristics in the linear regime is nearly linear, and Ohm’s law 
does indeed apply. When applying a higher Vd than Vg-Vth (Vd >Vg-Vth) which is called ‘saturation 
regime’, the channel is pinched off at the point, Vd(x)= Vg-Vth. There is no more mobile charge at the 
pinch-off point which is a boundary of accumulation and depletion region.      
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Figure 20. Schematic of OFET device when charges are accumulated in the channel. 
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2.2.5.2. Evaluation of OFET performances  
In general, the current-voltage characteristics of OFETs are presented as shown in Figure 21. When the 
drain current (Id) is plotted as a function of drain voltage (Vd) with varying gate voltage (Vg), the curves 
are called ‘output (Id-Vd) characteristics’, which show a linear increase in Id with increasing Vd in the 
linear regime and a constant Id in the saturation regime (Figure 21a). With increasing gate voltage, the 
drain current usually increases. For the ‘transfer (Id-Vg) characteristics’, the drain current is plotted at 
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the specific drain voltage as a function of gate voltage (Figure 21b). From the transfer characteristics 
of OFETs, the important parameters for evaluation of device performances such as operation voltages, 
carrier mobility, on-off ratio and switching frequency can be estimated.  
Close to the flat band voltage which is very close to the ‘onset voltage (Von)’, charges start to be injected 
and the drain current increases above the off-current level (Figure 21b). Only a very small fraction of 
them is truly mobile and the measured current flow is mainly due to deep trap state filling. The minimum 
voltage which is needed to form a complete channel of mobile charges is the ‘threshold voltage (Vth)’. 
The charges are considered quasi-free above this threshold voltage. From the transfer curve in the 
saturation regime, this voltage can be estimated by linear extrapolation of the √Id-Vg curve with Vg axis. 
It is ideally close to zero but usually non-zero due to the mismatch of OSC and source Fermi levels, the 
presence of traps, or other pre-existing mobile surface charges. The threshold voltage can be tuned by 
doping or chemical modification of contacts in the channel region. The ‘subthreshold swing (SS)’ 
indicates what voltage is needed to get one order of magnitude higher Id, and it can be obtained by 
plotting log(Id) of the saturation curve and fitting the linear slope in the subthreshold region from the 
onset voltage to the threshold voltage (Vth-Von). It can be a simple measure of the deep trap density 
because in this region the weak accumulation charge carriers are generated but mostly get trapped in 
deep trap states. In good OFETs. SS values of a few hundred mV/dec are measured.  
The charge carrier mobility (μ) can be estimated in both linear and saturation regime from the transfer 
curve with the following equations (Equation 14 for a linear regime and Equation 15 for a saturation 
regime). It is important to point out that the carrier mobility measured from either equation is only an 
effective mobility which contains the influences of contact resistance and electronic traps. Since the 
channel in the saturation regime has one contact with depletion and another contact with accumulation 
(the channel is not uniform), the saturation mobility is slightly less dependable than the linear mobility. 
Recently, mobility overestimation issues were on the rise in the field of high-performance OFET 
research.[102–104] When the √Id-Vg characteristics of OFETs show a non-linear behavior, often a kink can 
be seen in the curve which leads to estimate the mobility and the threshold voltage incorrectly. As shown 
in Figure 22, when the √Id-Vg characteristics of the saturation regime have a kink, two different mobility 
values could be estimated (as well as two different threshold voltage values!). Bittle et al. argued that 
non-ideal contacts and channel effect are the origin of the non-linear behavior of the √Id-Vg 
characteristics, and therefore, more robust method to estimate the parameters in OFETs has to be 
developed.[103] FETs based on highly ordered systems such as single crystals generally show the close-
to-ideal FET behavior with the Shockley assumptions.[104] However, in disordered systems, the mobility 
could depend on carrier-density (e.g. due to band-tail filling). In addition, the mobility estimated from 
practical transistor devices generally reflects intrinsic and extrinsic factors affecting charge transport          
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Figure 21. Typical (a) output characteristics (with drain sweep) and (b) transfer characteristics (with 
gate sweep) for n-type OFETs.[105] 
  
 
𝐼𝑑 =
𝐶𝑖𝜇𝜔
𝐿
(𝑉𝑔 − 𝑉𝑡ℎ)𝑉𝑑 Equation 14 
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𝐶𝑖𝜇𝜔
2𝐿
(𝑉𝑔 − 𝑉𝑡ℎ)
2 Equation 15 
   
such as grain boundary and charged-impurity scattering, inhomogeneity of the gate dielectric and carrier 
trapping. Figure 23a, b and c show that FETs often result in non-linear √Id-Vg characteristics which are 
difficult to define a reliable mobility value. The non-linear √Id-Vg characteristics have diverse 
microscopic origins such as contact effects, carrier density-dependent mobility and non-equilibrium 
biasing of short-channel devices. Even for FETs that show a close-to-ideal FET behavior with negligible 
Vth (Figure 23f), Choi et el. suggest that a four-probe measurement is more reliable due to contact 
resistance which can affect the mobility when obtained by a two-probe measurement.[104] They proposed 
a “reliability factor”, r=σachieved
max/σideal
max, which is defined as the ratio (%) of the maximum channel 
conductivity experimentally achieved in a FET (σachieved
max) to the maximum channel conductivity 
expected in an equivalent but ideal FET (the Shockley model) with the claimed output current, but zero 
threshold voltage (σideal
max). Thus, an effective mobility can be described as μeff=r×μclaimed. To ensure 
that a field-effect mobility is extracted correctly, they recommended addressing the linearity of FET 
transfer characteristics, contact resistance in FETs, and Vg sweep-rate dependence of FET mobility. In 
addition, the mobility extraction in linear regime is recommended due to a non-uniform distribution of 
carrier density in channel in saturation regime. 
 
 
Figure 22. Plot of the transfer characteristics in the saturation regime (VDS=-20V) of a rubrene transistor 
exhibiting non-ideal characteristics.[103] Fit lines in red and blue illustrate the ambiguity associated with 
characterizing OFETs.  
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Figure 23. Common nonlinearities in FET transfer characteristics.[104] (a)–(f) Transfer curves are 
schematically shown on linear-scale plots either for saturation or linear regime measurements. The plots 
assume |VSD| << |VG| max for the linear regime, or |VSD| > |VG|max for the saturation regime, where |VG|max 
corresponds to the maximum gate voltage used in the measurements. S-shaped curve (a), superlinear 
curve (b), sublinear curve (c), a hump nonlinearity in the sub-threshold region with otherwise extended 
linear region (d), linear characteristic with a significant threshold (e), and close-to-ideal FET behavior 
with a linear transfer characteristic and negligible threshold (f). The black dot represents the origin; the 
red dot at |VG|max corresponds to the maximum channel conductivity experimentally reached in each 
case; the green dot (f) corresponds to the channel conductivity at VG= 0. The red and green dashed lines 
indicate slopes used in calculations of the claimed mobility. The black dashed line represents the slope 
of an electrically equivalent ideal FET delivering the same maximum channel conductivity at |VG|max 
but exhibiting correct linear characteristics, compliant with the standard Shockley FET. The green 
dashed line in the extended linear region of the transfer characteristic (d–f) corresponds to μ most 
closely representing the intrinsic charge carrier mobility of the FETs (assuming that additional 
verifications via four-probe and/or Hall measurements were carried out as per the guidelines in the text). 
The measurement reliability factor in the linear regime, rlin, is the ratio, expressed in %, of the slopes of 
the black and red dashed lines (a–d) or black and green dashed lines (d–f), and is shown in brackets in 
the panels. The values outside the brackets correspond to the reliability factor in the saturation regime, 
rsat, equal to the same ratio squared. Parameter r > 100% (as in d) is a reflection of the fact that the 
device exhibits a hump-like nonlinearity. 
 
More importantly, there are two more major parameters which contribute to the transistor performance: 
the on-off ratio and the switching cutoff frequency. Since both parameters linearly depend on the carrier 
mobility, improving the carrier mobility is one of the most important goals in OFET research. The on-
off ratio is the ratio between the maximum on-current value and the noise-level subthreshold current 
without accumulation layer when Vg<Vth. The on-off ratio should be as high as possible, over 106 for 
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good OFETs since, for OFETs with a high on-off ratio, a low driving voltage is required to achieve a 
good signal to noise ratio. The switching cutoff frequency is the maximum frequency fτ at which OFETs 
can operate while still producing a current gain of more than 1. It is controlled by the RC time of the 
circuit where the device resistance R is determined by the carrier mobility. We can roughly estimate the 
maximum switching frequency from Equation 16 where L is the channel length and ΔL is the length of 
overlapping region between the source/drain and the gate electrode. There are two requirements to 
obtain a high fτ: a high carrier mobility and short channel and contact lengths (L and ΔL).  
 
 𝑓𝜏 =
𝜇(𝑣𝑔 − 𝑣𝑡ℎ)
2𝜋𝐿(𝐿 + 2∆𝐿)
 Equation 16 
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2.3. Dominant contributors to OFET Performance 
2.3.1. Molecular structure and Orientation of OSCs 
It is well-known that the field-effect mobility of OFETs sensitively depends on the molecular structure 
and the intermolecular packing of OSCs.[106] Generally, in the solid state, both small molecules and 
polymers tend to be packed through weak van der Waals forces, in case of conjugated molecules 
typically most closely perpendicular to the π-π stacking direction. Since the channel in the common 
OFET structure is parallel to the substrate, charge transport properties can be increased when the π-π 
stacking direction of molecules is perpendicular to the substrate. Jung et al. reported that the crystallinity 
and molecular orientation in small molecule SIDPP films with varying the position of alkyl chains have 
a profound impact on carrier transport properties.[107] When the molecules have a pronounced edge-on 
orientation (Figure 24a), the carrier mobility was two order of magnitude higher than other molecules 
which grow in a face-on orientation or disordered (Figure 24b and c). The π-π stacking distance 
between co-facially stacked molecules significantly affects the carrier mobility as well. Strained TIPS-
pentacene films using the solution-shearing method have much higher mobility (0.8 cm2V-1s-1 for 
unstrained, 4.6 cm2V-1s-1 for strained films) because the π-π stacking distance decreased from 3.33Å to 
3.08Å.[32] For this reason, the direction in which the molecules are π-π stacked can be addressed as a 
critical factor in the OFET performance. For example, conjugated polymer transistors which have the 
polymer fibrils aligned with the charge transport direction (from source to drain electrode) have been 
found to have a higher mobility than those where this direction was misaligned.[108] Therefore, in order 
to enhance the electrical properties of OFETs, the orientation and the π-π stacking direction of OSC 
molecules have to be seriously considered.   
 
 
Figure 24. Schematic illustration of molecular orientation with respect to the substrate: (a) edge-on 
orientation, (b) face-on orientation, and (c) disordered orientation with a high portion of edge-on 
orientation.[31]  
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2.3.2. Dielectric/OSC Interface  
Charge transport in a transistor is also affected by the quality of the interface between dielectric and 
OSCs[26–28] since the chemical and physical properties of dielectric surfaces directly affect the 
conducting channel in the OSC that forms near the dielectric layer. The surface energy of the dielectric 
layer is an important factor affecting the growth of the OSC layer and it can determine the grain growth 
mechanism of the OSCs. In many cases, the charge carrier mobility increases with the OSC’s grain size 
because the number of grain boundaries that can act as electronic trap sites is reduced.[42] 
In a previous study, the carrier mobility of the FETs based on pentacene films on the different 
alkylsilane-treated substrates decreased with increasing length of alkyl chain since the increased 
hydrophobicity (the decreased surface energy) lead to smaller pentacene grains (Figure 25a).[38] On the 
other hand, the carrier mobility of the pentacene FETs with different poly(imide-siloxane) dielectrics 
increased with decreasing the grain size (Figure 25b) but increasing grain connectivity.[27] Besides the 
surface energy, the surface roughness of the gate dielectric also can affect the device performances. For 
the pentacene transistors with rough SiO2 (rms≈15 Å), reductions in grain size and crystallinity were 
observed (Figure 26) and the saturation mobility was 0.02 cm2V-1s-1.[40] With smooth SiO2 and polymer-
coated SiO2 (rms≈2 Å), the mobility increased to 0.31 cm2V-1s-1 and 0.94 cm2V-1s-1 (Figure 27a). 
Steudel et al. reported the pentacene grain size is increased with decreasing surface roughness of SiO2 
sputtered on different gate metals.[41] The carrier mobility of the pentacene FETs decreased with 
increasing surface roughness in that study, too (Figure 27b). 
In summary, both the surface energy and the surface roughness of dielectric layer affect the OSC grain 
growth mechanism, and both size and connectivity of grains are critical to determine the carrier mobility 
in OFETs. In addition, surface defects such as SiOH and surface-bound water can act as charge traps or 
represent fixed surface charges that detrimentally interact with the OSC molecules.[50] Defects in 
dielectric layer can be one of the main reasons which increase the threshold voltage in devices. 
Therefore, through only the modification of dielectric surfaces, both the charge carrier mobility and the 
threshold voltage of OFETs can be improved. 
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Figure 25. (a) Variation of field-effect mobility (-■-) and grain size (-□-) in the pentacene sub-
monolayer with respect to alkyl chain length of the organosilane SAM, representing the hydrophobic 
characteristics.[38] (b) Relationship between the mobility of pentacene FETs (●) and grain size of 
pentacene (■) on gate dielectrics with different surface energies.[27] 
 
 
Figure 26. AFM images of pentacene films (∼350 Å) on (A) “smooth” SiO2, (B) “rough” SiO2, and (C) 
polystyrene-coated “rough” SiO2. (D) XRD spectra for the first-order reflection (001′′) from these 
pentacene films.[40]  
 
 
Figure 27. (a) Plot of µlin vs rms roughness of SiO2 dielectric.[40] The diamonds represent pentacene 
TFTs deposited with a substrate temperature of 70 °C, and the squares represent 25 °C. The inset shows 
the variation of onset voltage with dielectric rms roughness for both substrate temperatures. (b) The 
dielectric roughness dependent carrier mobility of pentacene FETs (normalized to the mobility of the 
smoothest surface).[41] 
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2.3.3. OSC/Contact Interface (Contact resistance) 
As mentioned above (section 2.2.3), contact resistance is one of the most significant factor which limits 
the OFET performances by a poor charge injection. The total resistance in bottom gate top contact 
OFETs can be modelled as a series connection of the resistance of source, channel, and drain, 
Rtotal=Rs+Rch+Rd and therefore, the contact resistance equals the sum of the resistance of source and 
drain Rc=Rs+Rd as shown in Figure 28. Even if the carrier transport properties in the channel are 
optimized through the OSC processing, the contact resistance still needs to be minimized to achieve 
maximum performances of OFETs. Particularly the source contact has to be considered as more 
important. In previous report, the electrical characteristics of transistors with different metals for the 
source and drain electrodes showed the charge injection from the source dominated the device 
performances.[109] The contact resistance mainly comes from the Schottky barrier height that is induced 
by the work function differences, which causes the sublinear behavior in the transfer curves (in the 
saturation regime) and the current gap between drain currents of equally spaced gate voltages in the 
output curves to be reduced with increasing gate voltages. The contact resistance can be experimentally 
determined in various ways.[3] One of the common ways to measure the contact resistance is transfer-
line method (TLM) which is based on Ohm’s law. By fitting the Id-Vd characteristics with different gate 
voltages in the linear regime, the contact resistance can be obtained. In order to decrease the contact 
resistance and achieve Ohmic contacts in metal/OSC junction, the barrier height should be lowered by 
proper choice of electrode metal. Introduction of dopants is also widely used to reduce the contact 
resistance;[110,111] other approaches are the contact engineering with self-assembled monolayers[112] or 
metal oxide to metal electrode[113] or the use of non-metallic electrodes.[114]    
 
 
Figure 28. Schematic of the OFET device structure including contact and channel resistances.  
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2.3.4. Shallow and deep traps 
As shown in Figure 29, ‘shallow traps’ are those near the transport band while ‘deep traps’ refer to 
those more than roughly 3kT (kT=25.7 meV) away from the band edge. Thus, only shallow trap can 
contribute to the actual Id above Vth, and they trap charges only temporarily and lower the effective 
mobility. Deep traps affect the subthreshold region and Vth. Therefore, the deep trap density can be 
estimated roughly by |𝑉𝑡ℎ − 𝑉𝑜𝑛| ≈ 𝑒𝑛𝑡𝑟𝑎𝑝/𝐶𝑖.
[115] In high quality crystals, the number of deep traps is 
as low as 10 cm-3. A hysteresis of current-voltage characteristics can be seen depending on how fast 
deep traps are released relative to the I(V) scan time. Therefore, the onset and threshold voltages can 
shift. The hysteresis can be big/small and dependent/independent on the scan speed, depending on the 
lifetime and sign of charges relative to scan time and majority charge carriers in the channel. When 
applying gate voltages for longer than normal scan times, the I-V characteristics of devices can be 
slowly drifted. This is called gate bias stress (instability). The relationship between OSC-dielectric 
interface deep trap states and gate bias stress is highlighted by the fact that single crystal devices gated 
over an airgap (when air is an insulator) show no gate bias stress. 
 
 
Figure 29. Energy diagram of conduction and valence bands with trapping levels for electrons and holes 
in a semiconductor material.[116] 
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2.4. Strategies to improve OFET performance 
2.4.1. Introducing dopants to OFETs 
The introduction of a proper dopant to semiconducting materials is called doping, and it would result 
in the release of additional charge carriers into the semiconductors. It is one of the essential processes 
to enhance the electrical properties of semiconductors since it can effectively control the Fermi level in 
the materials. Particularly, since charge carriers in organic semiconductors (OSCs) are localized at 
molecular entities, doping is necessary to obtain a high electrical conductivity. Dopants can be 
introduced into semiconductors by various techniques. For OSCs, dopants have been applied at the 
interface between OSCs and contacts (contact doping), inside OSC films (bulk doping), and on top of 
OSC film surfaces (surface doping). 
Contact doping is usually done by the insertion of a proper dopant layer between the contact metal 
and the OSC layer to improve the charge injection from metal contact to OSC layer. Additionally, the 
insertion of dopant layer can preserve the OSC layer from being damaged during evaporation of metal. 
Various materials have been used as a dopant layer such as organic molecules,[117,118] and metal 
oxides.[119,120] Singh et al. reported that n-channel C60 FETs doped by the air-stable rhodocene dimer 
showed the average carrier mobility of 1.65 cm2V-1s-1 while that of a reference device was 0.48 cm2V-
1s-1 (Figure 30a, b and c).[118] After doping with rhodocene, the contact resistance calculated by TLM 
decreased from 9.7 kΩcm to 5.5 kΩcm at Vg=24 V. The charge injection in vertical OFETs can be 
limited since the channel length is usually very short. Thus, C60F36, one of the widely used p-type dopant 
molecule, was inserted as the thin dopant or mixed (dopant-matrix) layer at the gold contact/pentacene 
interface in pentacene FETs with vertical geometry (Figure 30d, e and f).[110] The improvement of on-
off ratio of doped FETs was much pronounced when the dopants were inserted as a thin layer at source 
contact (4.7×104 for reference, 1.5×106 for 2 nm doped at the source contact, 5.5×104 for 10 nm mixed 
layer doped at the source contact, and 7.6×104 for 2 nm doped at the drain contact). This indicates the 
insertion of dopant layer made a thin and highly doped interface, reducing the contact resistance in 
transistors. The contact doping has successfully shown the reduction in the contact resistance and the 
increase in the electrical properties of OFETs.  
Bulk doping is the most commonly used strategy which can achieve the desired effect such as the 
threshold voltage shift and the conductivity enhancement. The mixed doped N2200 films with the 
critical concentration (0.5wt%) of CoCp2 showed an increase in the electron mobility from 0.35 cm2V-
1s-1 to 0.72 cm2V-1s-1.[121] However, when the films were doped beyond the critical concentration 
(0.5 wt%), the in-plane crystallinity decreased and the electron mobility reduced from 0.35 cm2V-1s-1 at 
0% to 0.27 cm2V-1s-1 at 2% of doping concentrations. The mobility of C60 and C70-based FETs increased 
by blending N-DMBI from 0.32 cm2V-1s-1 to 1.9 cm2V-1s-1.[14] The threshold voltages shifted towards 
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zero volt with doping concentration, but the mobility of the doped devices based on ICBA and PCBM 
decreased due to the structural defects and the on-off ratio was also reduced by 2 to 3 orders of 
magnitude after N-DMBI blend doping (Figure 31a). The reason is that the bulk doping induces an 
unwanted side effect of doping of the entire film and the increased bulk conductivity raises the off-
current floor and makes it more difficult to deplete the entire device. In some cases, bulk doping is the 
effective way to enhance the carrier mobility and the operating voltages at the critical concentration, 
but also can deteriorate the optimized molecular ordering and morphology. Kleemann et al. reported 
the degradation of the polycrystalline structure and mobility of pentacene at doping concentrations of 
around 7 and 4 wt% of F4-TCNQ and F6-TCNNQ, respectively (Figure 31b).[17] Therefore, the bulk 
doping with the proper amount of dopants can be one of the effective ways to optimize the performances 
of OFETs. 
 
 
Figure 30. The schematic of (a) reference and (b) contact-doped OFET device structures, and (c) 
chemical structures of C60 and rhodocene dimer.[118] (d) Device schematic for contact-doped VOFETs 
and (e) TLM OFETs, with contact doping layers indicated in red, and (f) the doping mechanism of 
C60F36 in pentacene.[110] 
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Figure 31. (a) Representative plots of the transfer characteristics in the saturation regime of TFT devices 
fabricated from fullerene derivatives with the molar concentration of the dopant (N-DMBI) given in the 
legend.[14]  VD=40 V for [70]PCBM. For ICBA VD=120 V. The dimensions of the transistor channel 
are all W=1000 µm and L=40 µm. (b) Crystallite size of the polymorph III phase of pentacene in 
dependence of the molar doping concentration of F4-TCNQ and F6-TCNNQ doped pentacene films.[17] 
 
Another more recently explored doping approach is surface doping which introduces dopants on top of 
organic semiconductor surfaces. Since surface dopants can be applied on the already completely 
fabricated devices, the fabrication and doping process can be simpler than with other doping methods. 
However, surface doping for organic semiconductors has not been studied in detail while for 2D 
materials such as graphene,[122] black phosphorus,[123] and molybdenum disulfide[24] surface doping has 
more commonly employed to enhance electrical conductivity, tune the carrier density, and fill the 
vacancies of materials.  
Podzorov et al. first deposited n-octyltrichlorosilane (OTS) and fluoroalkylsilane (FTS) with either 
ethoxysilane or chlorosilane anchor groups—materials which are traditionally used to passivate the 
silicon dioxide layer of Si wafers—on the surfaces of organic materials in vacuum (Figure 32a).[11,20] 
Both SAM materials vaporized on rubrene single crystals resulted in a drastic increase of conductivity, 
but the conductivity increase from OTS which is a non-fluorinated SAM was ~3 orders of magnitude 
smaller than that from FTS (Figure 32b). In addition, an increase in conductivity from FTS with a 
trichlorosilane anchor group was two orders of magnitude higher than from FTS with a triethoxysilane 
anchor group. They argued that the bonding between organic surfaces and SAM molecules is of a strong 
covalent (-C-O-Si-) character while the bulk molecular doping of organic thin films is based on van der 
Waals interaction of two different molecules which have a large mismatch of the molecular orbital 
energies. Thus, the high conductivity induced by SAM with graphite contacts was kept under both high 
vacuum and in pure oxygen. FTS molecules do not penetrate into the crystal, only producing a crystal 
surface-restricted effect. They argued that the conductivity increases by forming a layer of mobile holes 
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induced by the SAM (the inset of Figure 32b). FTS-doped polymer films also resulted in an increase 
in the conductivity from 10-9 to 10-3 for PBTTT films and from 10-11 to 10-5 for P3HT films as shown in 
Figure 33a. Contrary to the case of rubrene single crystals, in the case of polymer films with 20 nm 
thickness, the FTS molecules were found to penetrate through the nanoporous polymer structure and 
dope the entire films. This was detected by a decrease in optical absorption of polymer films from red 
color to transparent blue color (Figure 33b and c). 
 
 
Figure 32. The current flowing at the surface of organic molecular crystals as a function of time, I(t), 
with V=5 V applied between the contacts.[20] At t=0 the samples are exposed to fumes of (tridecafluoro-
1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS), (tridecafluoro- 1,1,2,2-tetrahydrooctyl)triethoxysilane 
and n-octyltrichlorosilane (OTS). (a) I(t) for a rubrene crystal with thermally evaporated silver contacts 
treated with FTS (channel width and length are W=1mm and L =50 µm). The insets on the left and on 
the right show the structure of the FTS SAM molecule and a diagram of the experimental set-up, 
respectively. (b) Semi-log I(t) plots for the FTS, OTS and fluoroalkyltriethoxysilane treatments of 
rubrene and FTS treatment of tetracene crystals with graphite contacts (W=0.3–0.5 mm, L =2.5–3 mm). 
The inset is a schematic representation of a layer of mobile holes induced by the SAM.  
 
Hählen et al. reported the surface doping effect of a pure layer of F4TCNQ and MnTPPCl on top of 
pentacene transistors with a few monolayer-thick channels.[124] The dopant molecules were deposited 
under vacuum condition. After deposition of the F4TCNQ, the field-effect mobility was the same for 
pristine and doped transistors which means that the film quality of pentacene layers was likely not 
affected (Figure 34a and c). On the other hand, the threshold voltages of F4TCNQ-doped transistors 
shifted positively with increasing doping concentrations. For MnTPPCl-doped transistors, the threshold 
voltages shifted negatively as a function of doping concentration (Figure 34b and c). To investigate the 
surface doping effect on the transistors with different channel thickness, the threshold voltage of 
F4TCNQ-doped transistors was obtained for varying pentacene film thicknesses. As shown in Figure 
34d, the shift in the threshold voltage reduced with increasing thicknesses of pentacene layer (2.5, 5, 
and 10 monolayers). However, a shift in threshold voltage was still observed with 10 monolayers of 
pentacene film. They argued that the threshold voltage shift in thicker films might be caused by the 
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diffusion of F4TCNQ and the non-uniform pentacene film thickness shown in Figure 34e, f and g. This 
indicates that both the diffusion of dopant molecules into the OSC films and the molecular structure of 
OSC films could determine the surface doping effect on charge transport in transistor devices.  
Annabel et al. reported an increase in electrical conductivity of P3HT films sequentially doped by 
F4TCNQ.[125] As shown in Figure 35a, the doped P3HT films with F4TCNQ solution in acetonitrile 
increased ~4 orders of magnitude than pristine films as a function of regioregularity fraction of P3HT. 
Figure 35b depicts photoluminescence (PL) spectra of P3HT films before and after sequential doping 
with F4TCNQ. In contrast to F4TCNQ-doped pentacene films,[18] the molecular packing and 
conformation in doped polymer P3HT films were different from pristine films. In the PL spectra, the 0-
0 transition increases with doping concentration, which reflects the J-aggregate character of polymer 
chains increases with increasing backbone planarity. This indicates an increase in conjugation length of 
P3HT after doping with F4TCNQ. From the experimental and theoretical simulation works, they argued 
that the dopant molecules placed in the amorphous regions in P3HT films lead to increase conjugation 
length of amorphous chains and therefore, improve the overall conductivity of polymer films.  
  
 
Figure 33. (a) Time evolution of the current, I(t), through ultrathin P3HT and PBTTT films as the 
samples were exposed to the saturated FTS vapor.[20] The inset shows the same data on a linear scale. 
P3HT and PBTTT thin films were spin-coated on glass; the film thickness was 20 nm; the contacts were 
made of colloidal graphite; the width and length of the channel were W=L=1 cm; the applied dc bias 
was 1 V. Photographs of a PBTTT film with a thickness of 20 nm spin-coated onto a 1cm x 1.5cm glass 
slide: (b) as-spun insulating film and (c) doped with FTS to saturation (highly conductive).  
 
42                                                 2. Theoretical Background 
 
Figure 34. The transfer characteristics for 2.5 monolayers (ML) Pn TFTs doped with different amounts 
(in nm-2) of (a) F4TCNQ and (b) MnTPPCl.[124] The effect of the dopant molecules is characterized in 
terms of the shift of Vg, th, which is defined as the intercept of the fit of the data in the linear regime 
(straight lines) with the abscissa. Vg, th shifts to positive values by doping with F4TCNQ. This indicates 
an increased hole density in the Pn channel (a) and (c). By doping with MnTPPCl, the opposite effect 
is observed (b) and (c). The dashed lines in (c) indicate an activation ratio g of 0.25. No changes are 
recorded by doping with C60 or CoTPP (c). The specific effect of the dopant molecules can be already 
noticed at doping concentrations below 0.1nm-2 which correspond to a sub-ML coverage of dopants on 
top of the 2.5 ML Pn channel. (d) Threshold shift as function of the F4TCNQ doping concentration for 
2.5, 5, and 10 ML Pn channel thickness. The reduced threshold shift for thicker channels indicates that 
surface doping can efficiently influence the channel transport when the channel thickness is below 2.5 
ML. (e)–(g) show the SEM (top) and AFM (bottom) data for 2.5, 5, and 10 ML Pn, respectively. 
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In addition, the operational stability of either MoO3 or F4TCNQ-doped pentacene OFETs has studied 
previously.[19] As shown in Figure 36a, they argued that the heterojunction induced holes might 
accumulate in the vicinity of film surfaces and form a top bulk channel. Pentacene OFETs doped with 
MoO3 layers of 1 and 2 nm thickness showed similar field-effect mobility (0.6~0.7 cm2V-1s-1) and 
threshold voltage (-5.9~-7.6 V) but a decrease in on/off ratio (from 107 to 103) in Figure 36b. However, 
the doped OFETs resulted in more stable operation as shown in Figure 36c. This was speculated to be 
due to the current flowing through the “bulk channel” induced by dopant molecules being relatively 
more stable than the interface channel. However, this study does not consider the structure of pentacene 
films which have many vacancies, therefore, a hypothetical “bulk channel” might not be the correct 
explanation for the observed increase in operational stability. Overall, a consensus from previous studies 
on surface doping seems to be that surface doping with proper dopant molecules is a very efficient way 
to enhance electrical conductivity of OSC films and that the OSC film structure (porosity) can 
significantly influence the surface doping efficiency. Therefore, further detailed studies need to be 
performed on a film structure dependent doping effect and stability of doped devices. 
 
Figure 35. (a) P3HT thin film conductivity of the blend RR/RRa P3HT films as a function of the RR 
P3HT content in the blend solution used to spin-coat the films, before and after sequential doping.[125] 
(b) Photoluminescence spectra of sequentially doped films regioregular P3HT as a function of 
increasing dopant concentration, with undoped P3HT shown in dark blue.  
 
 
Figure 36. (a) A schematic illustrating current flow in a MoO3-doped OFET.[19] (b) Round-scan transfer 
characteristics of MoO3-doped and undoped pentacene-based OFETs, where MoO3 layer thickness is 
denoted. (c) Normalized bias stress characteristics of MoO3-doped and undoped OFETs at same stress 
VGS of -20 V.  
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2.4.2. Modification of Gate Oxide Layer with SAMs 
Chemical modification of the interface between gate dielectric layer and OSCs could be a simple and 
efficient way to attempt to improve the electrical properties of OFETs since the chemical and physical 
properties of dielectric layer surface directly affect the OSC layer growth and thus the carrier 
mobility.[27,28] In case of silicon oxide dielectrics, surface defects such as SiOH and trapped water can 
act as charge trap or additional fixed space charge carrier which can cause an increase in the threshold 
voltage.[50] Therefore, the modification of dielectric surfaces can improve the carrier mobility and the 
threshold voltage at the same time.  
The most widely used approach to modify the gate oxide surface is the treatment of the dielectric surface 
with self-assembled monolayers (SAMs). SAMs can form a covalent and thus stable chemical bond 
with oxide species on the substrate. The treatment process is also very simple and not limited by the 
size or shape of substrates. Using different types of SAMs on the same substrate has even enabled the 
fabrication of pseudo-complementary circuits with one semiconducting material since with ambipolar 
materials the SAMs can control the efficiency by which each carrier type can be injected into the film 
depending on the functional groups.[44,45] SAMs have been applied to modify the surfaces,[46] to facilitate 
micro-patterning,[47,126] and to enable chemical sensing.[48]  
In previous reports, the OFET performance has been successfully enhanced only by a direct 
modification of the gate oxide with SAM treatment. Octadecylsilane (ODTS), specifically 
octadecyltrimethoxysilane (ODTMS) and octadecyltrichlorosilane (ODTCS), is one of the most widely 
used SAMs to modify the gate oxide layer.[43,127–129] Since the ODTS-treated gate oxide layer has a low 
surface energy due to the hydrophobic nature of the ODTS’ terminal CH3 groups, the crystal quality of 
semiconductors and the density of interfacial trap states have been found to increase and decrease, 
respectively.[130] Thus, transistors fabricated on ODTS-treated gate oxide usually have higher carrier 
mobility than on bare gate oxide. Tetracene derivative-based transistors fabricated on ODTS-treated 
gate oxides have shown a significant improvement of the field-effect mobility from 0.05 cm2V-1s-1 for 
untreated gate oxide to 0.1 cm2V-1s-1.[43] The pentacene OFETs fabricated on ODTS-treated gate oxide 
also resulted in the mobility enhancement from 0.086 cm2V-1s-1 to 0.13 cm2V-1s-1.[23] However, the 
ODTS-treated gate oxide does not critically shift the threshold voltage of OFETs since ODTS consists 
of CH3 functional groups which only negligibly alter the surface potential in the channel and possess a 
theoretically calculated dipole moment of close to zero.[22,23] 
Since ODTS molecules are chemically bound to oxide species on the gate oxide layer via temporally 
stable hydroxyl groups, the density of hydroxyl groups on the oxide surface is crucial for the resulting 
ODTS-treated surface properties. Virkar et al. reported the importance of ODTS molecular density for 
the subsequent OSC growth mechanism.[131] To control the density of ODTS molecules on the gate 
oxide, ODTS films were pre-formed on a Langmuir trough and the surface pressures for Langmuir–
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Blodgett (LB) technique were varied with 20, 35, and 50 mNm-1. With increasing surface pressure the 
density of OTS molecules was increased and the resulting films were more ordered (Figure 37a). 
Pentacene transistors fabricated using these LB-formed OTS films showed an increase in carrier 
mobility from 0.4 cm2V-1s-1 for LB-20 films to 2.1 cm2V-1s-1 for LB-50 films. C60 transistors fabricated 
on each type of OTS film also showed a mobility enhancement from 0.3 cm2V-1s-1 for LB-20 films to 
4.1 cm2V-1s-1 for LB-50 films. For both pentacene and C60 transistors fabricated on each OTS layer, the 
threshold voltage had nearly unchanged values of around -20 V and 34 V, respectively, despite the fact 
that the density of OTS layer was different. The mobility increase was speculated to not be the result of 
an enhanced molecular packing which was confirmed as unchanged by GIXD (Figure 37b), but rather 
be due to an altered surface wetting of pentacene: shifting from a 3D island growth mode to a more 2D 
growth mode (Figure 38). 
Additionally, Ito et el. reported that the ODTMS layer which is spin-coated on the gate oxide using a 
highly optimized recipe could exhibit almost the same density as an ODTMS layer formed by the LB 
technique at high pressure, and resulted in equally high OFET performances (Figure 39).[101] Pentacene 
films on spin-coated ODTMS showed larger and more continuous 2D grains while pentacene films on 
vapor-grown ODTMS grew with very tall discontinuous 3D islands. Thus, the field-effect mobility of 
pentacene transistor was highly improved when ODTMS was spin-coated (2.8 cm2V-1s-1) from samples 
where ODTMS was vapor-grown (0.52 cm2V-1s-1).  
 
Figure 37. (a) GATR–FTIR spectrum for the OTS films with differing 2D phases.[131] (b) Section of 
GIXD spectrum of 3 nm pentacene films deposited under identical conditions to those used in OTFT 
fabrication on: a) OTS-V, b) on LB-20 c) LB-35, d) LB-50 in all plots, Qz (magnitude of scattering 
vector normal to the surface) is vertical. To the right of each GIXD spectrum are the corresponding line 
profiles which show the integrated peaks along Qz. The corresponding values of Qxy are also provided 
above the line profiles. 
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Figure 38. Nominally 3 nm thin film of pentacene deposited under identical conditions as used in TFT 
fabrication on a) OTS-V b) OTS-20, c) LB-35, d) LB-50.[131] The line corresponds to the line profile 
shown directly below each AFM image. The growth mode of pentacene tends to be more and more 2D 
as the OTS density increases. 
 
 
 
Figure 39. (a) GATR-FTIR spectrum of the most ordered LB film (with a molecular density of ∼1 
molecule/20 Å2, the spin-cast ODTMS, and ODTMS-vapor.[101] The area under the absorption curve 
can be used to estimate the molecular density. The area under absorption peaks for the LB 50 film and 
the ODTMS spin-cast films indicates they are of similar density. The absorbance of the ODTMS-vapor 
film is much less which further asserts that it is less dense and less ordered than the crystalline spin-cast 
and LB ODTMS films. (b) Representative transfer curves for pentacene OFETs with spin-cast ODTMS 
dielectric surface modification layer.  
2.4. Strategies to improve OFET Performance  47 
 
In summary, ODTS-treatment of the gate oxide has usually resulted in an improvement of the carrier 
mobility but not of the threshold voltage. On the other hand, with different functional groups in the 
SAM molecule, the threshold voltage can be as well controlled. Celle et al. studied the effect of interface 
dipoles on the threshold voltage and mobility of OFETs based on the amorphous polymer PTAA films 
and polycrystalline pentacene films for ten different kinds of SAMs (Figure 41a).[28] They argued that 
the threshold voltage of PTAA and pentacene OFETs was shifted by the dipole moments of each SAM 
while the carrier mobility was not affected by the SAMs (Figure 41b and c). However, this conclusion 
is still under debate. Kobayashi et el. reported that treating the gate oxide with fluoroalkyl SAMs (F-
SAMs) and aminoalkyl SAMs (A-SAMs) induced a shift in threshold voltage of OFETs in positive and 
negative directions, respectively.[23] The threshold voltage values of pentacene and C60 FETs were 
shifted positively when holes are accumulated by F-SAMs and were shifted negatively when electrons 
are accumulated by A-SAMs whereas this carrier accumulation effect was not significant in CH3-SAMs. 
The total molecular dipole moment of F-SAMs, CH3-SAMs, and A-SAMs was calculated from density 
functional theory as 2.30, 0.947, and 0.597 Debye, and the dipoles along the long molecular axis were 
-2.202, +0.831, and -0.429 Debye, respectively. For OFETs fabricated on F-SAMs and CH3-SAM-
treated gate oxides, the calculated molecular dipole values could explain the threshold voltage shift, but 
the molecular dipoles could not explain the increased electron accumulation in OFETs with A-SAMs. 
Therefore, they argued another possibility which is a direct charge transfer between organic layers and 
A-SAMs. Gholamrezaie et al. also studied on the threshold voltage shift by using F-SAMs, CH3-SAMs, 
and A-SAM-treated on the gate oxide surfaces.[22] They claimed that the threshold voltages of PTAA 
FETs were shifted due to charge trapping effects that stem from the presence of the SAMs. The threshold 
voltage values were 0 V for CH3-SAM FETs, 20 V for F-SAM FETs and -16 V for A-SAM FETs 
(Figure 41a). Since the shifted threshold voltage values were too high to be a result of dipole moments 
of SAMs, they considered the threshold voltage might be shifted due to trapped interface charges. Thus, 
the surface potential values of the SAM-treated surfaces were measured by scanning Kelvin probe 
microscopy (SKPM). The resulting maximum surface potential values were then related to the threshold 
voltage values (Figure 41b).  
An additional advantage of the gate oxide modification by SAMs is that existing oxide surface defects 
can be passivated. Un et al. reported that water, oxygen, and active hydrogen species existing on gate 
oxide surfaces significantly affected the threshold voltage of OFETs.[132] OFETs with high-density 
octadecylsilane (OTS)-treated gate oxide showed less shifts in the threshold voltage than with low-
density OTS-treated gate oxide during operation as shown in Figure 42. This study suggested that the 
electrochemical reaction of polymer anion with water and oxygen can be one of the degradation 
pathways in operational stability of OFETs and they can be passivated by using densely packed SAM-
treated on the gate oxides.  
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Figure 40. (a) Chemical structures of dipolar molecules.[28] (b) Charge carrier mobility for PTAA (red 
circles) and P5 (blue square) OFETs versus the dipole-induced surface density of charges in the SAMs, 
QSAM/e. (c) Relationship between threshold voltage and dipole-induced surface density of charges in 
the SAM QSAM/e for OFETs with the SAMs made of the 10 molecules. Blue squares for P5 and red 
circles for PTAA. Solid lines are guide for eyes defining a correlation zone. 
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Figure 41. (a) Transfer characteristics of field-effect transistors with the different SAMs on the gate 
dielectric.[22] The channel length and width are 10 and 10000 μm, respectively, and the source–drain 
bias is –30 V. At the top the transistor layout is depicted schematically with the source (S), drain (D), 
and gate (G) electrodes. (b) Local surface potentials of the SAMs after peeling off the PTAA film. The 
transistor layout after delamination is schematically presented at the top. During SKPM measurements 
all electrodes are grounded.  
 
In summary, the electrical properties and the operational stability of OFETs can be controlled and 
enhanced by the simple modification of gate dielectric with the SAM-treatment. This improvement is 
mainly due to the modification of surface energy and surface defects of the gate oxide surfaces by SAM 
materials. However, the origin of threshold voltage shift by the SAMs, in particular aminosilanes, is 
currently still under debate.   
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Figure 42. (a)–(c) are the transfer characteristics of SiO2, LDOTS, and HDOTS devices based on 
P(NDI2OD-T2) under the condition of nitrogen exposure, respectively, and (d)–(f) are those of air 
exposure.[132] All transfer curves were obtained at the drain bias of 50 V, and the transistors work ten 
times in 2 h. The inset of (d) was obtained in the same way but using a gate bias in the range of 35–150 
V. 
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3.1. Device Fabrication 
Organic field-effect transistors (OFETs) were fabricated with bottom-gate and top-contact structures to 
investigate the effect of surface doping and SAM-treatment on the gate oxide. All devices were prepared 
on heavily doped Si wafers with 300 nm SiO2 oxide layers or on glass, in both cases after cleaning by 
ultra-sonication in acetone and isopropanol for 10 min each and UV-ozone or O2-plasma treatment. 
Then, in order to passivate defects and control the surface energy of the substrates, different kinds of 
silane molecules were deposited. For the silane-treated substrate, N,N′-dioctyl-3,4,9,10-
perylenedicarboximide (PTCDI-C8, purchased from Sigma-Aldrich, sublimed) or poly{[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (N2200, 
PNDI2OD-2T, purchased from Polyera, used as received) were chosen as representative n-type 
semiconducting materials (Figure 43), and were deposited in various conditions. Finally, gold contacts 
(50 nm thickness) were thermally deposited on the organic films through a shadow mask in a custom-
built evaporator (“Organicube”) by Dreebit GmbH (Figure 44) under high vacuum conditions 
(10−7 mbar). The channel width and length of all devices were 1000 and 100 µm, respectively. Thermal 
evaporation is commonly used to deposit thin films in vacuum condition. The vacuum condition allows 
the vaporized source materials to travel to the target substrate at which the materials condensed back 
into a film. All fabrication processes besides evaporation of PTCDI-C8 and gold were carried out in 
ambient condition.  
 
 
Figure 43. Chemical structure of (a) PTCDI-C8 and (b) N2200 (PNDI2OD-2T). 
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Figure 44. Photograph of the evaporation system with the chamber (left) and the monitor (right) used 
to thermally deposit PTCDI-C8 and gold. 
 
3.1.1. Device type I - Substrate/ODTMS/PTCDI-C8/Au 
3×10−3 M octadecyltrimethoxysilane (ODTMS, purchased from Sigma-Aldrich, Figure 45a) solution 
in trichloroethylene was spin-coated at 3000 rpm for 30 sec on the substrates that were prior cleaned 
with UV-ozone treatment for 20 min. Then, the ODTMS-treated substrates were stored together with a 
small amount of ammonium hydroxide in a vial within a vacuumed desiccator at ~0.1 bar condition for 
15 hours to promote crosslinking in the ODTMS film.[133] The substrates were then cleaned with toluene 
and dried with nitrogen. Afterwards, PTCDI-C8 films (for 25 nm thickness, Figure 43a) were thermally 
evaporated at a rate of 0.2~0.5 Å s−1 (source temperature of 170 °C) under ~10-7 mbar condition. The 
substrate temperature during deposition of PTCDI-C8 was usually kept fixed at 120 °C, except for the 
study of PTCDI-C8 grain size impact on the devices where the substrate temperature was varied with 
room temperature, 60 °C, 120 °C, and 150 °C. The thickness of PTCDI-C8 films were monitored by a 
gold crystal balance. 
 
3.1.2. Device type II - Substrate/ODTCS/N2200 (PNDI2OD-2T)/Au 
The substrates were immersed in 50 mM octadecyltrichlorosilane (ODTCS, purchased from Sigma-
Aldrich, Figure 45b) solution in tetrachloroethylene for 20 hours after treatment of O2 plasma for 2 min. 
The substrates were then cleaned with toluene and annealed at 120 °C for 30 min. Subsequently, a 1 mg 
mL-1 N2200 (Figure 43b) solution in chloroform was spin-coated to produce films with 25 nm thickness. 
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In a final step, mainly to extract any residual solvent, these films were then annealed at 110 °C for 
2 hours in a vacuum oven.  
 
3.1.3. Device type III - Substrate/SAMs/PTCDI-C8/Au 
To modify the gate oxide, butyltrimethoxysilane (BTMS, purchased from abcr GmbH), 
octyltrimethoxysilane (OTMS, purchased from Sigma-Aldrich), dodecyltrimethoxysilane (DDTMS, 
purchased from Alfa Aesar), ODTMS, 3-(trimethoxysilyl)propylamine (TMA, purchased from Gelest), 
N-[3-(trimethoxysilyl)propyl]ethylenediamine (TMDA, purchased from Sigma-Aldrich), N1-(3-
trimethoxysilylpropyl)diethylenetriamine (TMTA, purchased from Sigma-Aldrich) were treated on 
SiO2/Si substrates with the same condition. The chemical structure of each SAM is shown in Figure 47. 
Solutions of the various SAMs with a concentration of 3 mM in trichloroethylene were spin-coated at 
3000 rpm on the substrates cleaned with UV-ozone for 20 min. Then, the SAM-treated wafers were 
stored together with ammonium hydroxide for crosslinking in a vacuumed desiccator at 5 mbar 
condition for 15 hours. The substrates were then cleaned with toluene and dried with nitrogen. On the 
SAM-treated surfaces, PTCDI-C8 films with 25 nm thickness were thermally evaporated at the 
substrate temperature of 120 °C and a rate of 0.2~0.5 Å s−1 (the crucible temperature from 170 °C to 
220 °C) under ~10-7 mbar condition.  
 
 
Figure 45. Chemical structure of (a) ODTMS and (b) ODTCS. 
 
 
Figure 46. Schematics of (a) Device type I (Si/SiO2/ODTMS/PTCDI-C8/Au), (b) Device type II 
(Si/SiO2/ODTCS/N2200/Au), and (c) Device type III (Si/SiO2/SAMs/PTCDI-C8/Au).
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Figure 47. Chemical structure of (a) BTMS, (b) OTMS, (c) DDTMS, (d) ODTMS, (e)TMA, (f) TMDA, 
and (g) TMTA.
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3.2. Surface doping process 
Surface doping is one of the efficient doping approaches to enhance OFET performances, e.g. lowering 
the threshold voltage and increasing the electrical conductivity.[11,124,134] On top of Device type I and II, 
we applied surface dopants by either vaporization or spin-coating method and investigated how surface 
dopants affect OFET performances. Here, we describe which dopants were used and how surface doping 
process was carried out. 
 
3.2.1. Surface dopant – Aminosilanes (A-SAMs) 
Aminosilanes (A-SAMs) were used as n-type dopant candidates with varying the number of amine 
group and the silane anchor group (Figure 48); TMA, N-(2-aminoethyl)-3-aminopropyltriethoxysilane 
(TEDA, purchased from Gelest), TMDA, and TMTA. All the A-SAMs were used as received and stored 
in low humidity condition (~20%) to prevent a hydrolysis reaction with water.  
 
Figure 48. Chemical structure of aminosilanes which were used as the surface dopant; (a) TMA, (b) 
TEDA, (c) TMDA, and (d) TMTA. 
 
3.2.2. Surface doping method 
We investigated surface doping effect on the completely fabricated OFETs by introducing the dopant 
materials listed above by either desiccator vaporization or a spin-coating method as shown in Figure 
49. In order to vaporize the A-SAM materials, 200 μL of each A-SAM (used A-SAMs are in liquid 
phase in room temperature condition) in a 5 mL vial and the already fully fabricated devices (or the 
OSC films) were placed together with the vial in a plastic desiccator connected with a vacuum pump as 
shown in Figure 49a and Figure 50a. Afterwards, the desiccator was evacuated up to a certain pressure 
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measured by a vacuum gauge, CVC3000 purchased from Vacuubrand GmbH (Figure 50b) with a 
vacuum pump, PC 3004 Vario purchased from Vacuubrand GmbH (Figure 50c). The pressure was 
constantly maintained for the whole treatment time. To perform surface doping by a solution process, 
aminosilane solutions in methanol with various concentrations were prepared and spin-coated with a 
spin-coater WS-650MZ-23NPPB purchased from Laurell on the fully fabricated devices at 3000 rpm 
for 30 seconds (Figure 49b and Figure 50d). Afterwards, the doped devices were annealed at 70 °C on 
a hotplate to remove residual methanol under ambient condition.  
 
 
Figure 49. Schematic illustrations of the surface doping methods used in this thesis: (a) the vaporization 
method using a desiccator evacuated by a vacuum pump, and (b) spin-coating of solutions containing 
the dopant material. 
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Figure 50. Photograph of (a) a desiccator connected with a vacuum pump with a sample and dopant, 
(b) vacuum gauge, (c) a vacuum pump, and (d) a spin-coater.  
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3.3. Characterization 
3.3.1. Material characterization  
3.3.1.1. UV-vis spectroscopy 
Ultraviolet-Visible (UV-vis) Spectroscopy on organic semiconductor materials such as those studied 
here is usually done in the wavelength region of 300 nm-1000 nm. When the electromagnetic energy 
irradiates OSC molecules, it is absorbed with a certain probability depending on the required energy 
necessary to excite an electron from a lower energy orbital to a higher energy orbital of the molecule. 
The absorption of the molecule can be estimated from the simple equation, A=log(I0/I), where A is an 
absorbance of the molecule, I0 is an incident light intensity, and I is an transmitted light intensity through 
the sample. The UV-vis absorption spectra of PTCDI-C8 and N2200 films were recorded with a 
Shimadzu SolidSpec-3700 spectrophotometer (Figure 51) at a wavelength step width of 2 nm. The 
films were deposited on glass substrates to collect the data in the transmission mode.  
 
 
Figure 51. Photograph of a Shimadzu SolidSpec-3700 spectrophotometer. 
 
3.3.1.2. X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) provides information on the elemental composition of 
materials and chemical information of the valence state of elements on the surface (generally up to a 
depth of 10 nm from top of the sample). This measurement technique is sensitive to almost all elements 
and is particularly useful to identify the chemical makeup of compounds since chemical bonds to 
neighboring atoms shift the core level energies of the element that is being analyzed. As shown in 
Figure 52 when the sample is illuminated by soft X-rays under a high vacuum condition, photoelectrons 
are generated from core-levels and escape from the sample surfaces, and both flux and kinetic energy 
are then detected by the analyzer. When the surfaces of OSC films are contaminated, the resulting 
60                                                         3. Experimental 
binding energy of elements in XPS spectra can be shifted (e.g. from 284.8 eV to 286 eV for C-C binding 
energy of C1s orbital). Thus, an ion sputter gun is generally used not only to remove the surface 
contaminants but to obtain a depth-profile of the sample composition or purity. In this work, XPS 
measurements were carried out using a PHI 5000 VersaProbe I Scanning XPS Microprobe (Figure 53) 
to deduce the chemical composition of film surfaces from the binding energy information. All samples 
were measured under high vacuum conditions (10-7 mbar) with Al (Kα) radiation (1486 eV) and the X-
ray beam spot diameter of 200 μm. In order to clean the sample surfaces, an argon ion sputter gun was 
used. The data was processed by MultiPak software from PHI.  
 
 
Figure 52. Schematic of XPS measurement system (from PHI). 
 
 
Figure 53. Photograph of a PHI VersaProbe 1 Scanning XPS Microprobe (left) and a sample stage 
(right).  
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3.3.2. Surface-wetting characterization - Contact angle measurement 
Contact angle measurement is the most common and simple way to quantify the wettability information 
of a solid surface by a liquid droplet (Figure 54a). The contact angle that a liquid-vapor interface forms 
with a solid surface (Figure 54b) is estimated by Young’s equation. According to the Young’s equation, 
the contact angle of a liquid droplet on a smooth and chemically homogenous solid surface at 
thermodynamic equilibrium can be defined as the result of a balance between three interfacial tensions 
as shown in Figure 54b where 𝛾𝑙𝑣, 𝛾𝑠𝑙 and 𝛾𝑠𝑣 are the interfacial free energies of liquid-vapor, solid-
liquid and solid-vapor, respectively, and 𝜃 is the static contact angle (Equation 17).[39]  
 
 𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣𝑐𝑜𝑠𝜃            Equation 17 
 
We obtained the contact angle of very small droplets (~ 4 μL) of distilled water on SAM-treated surfaces 
from magnifying photographs taken by Nikon COOLPIX P610 (Figure 55). The measurement was 
repeated at least three times per each sample and the averaged values were used in this work. The 
contact angle itself was obtained from the ‘ImageJ vers.1.51j8’ software developed by Wayne Rasband 
with the contact angle plugin.  
  
Figure 54. (a) Photograph of the water droplet on the octyltrimethoxysilane-treated SiO2/Si substrate. 
(b) Schematic of contact angle at the three-phase contact line.[39] 
 
 
Figure 55. Photograph of a camera and a sample stage for the contact angle measurement. 
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3.3.3. Micro-structure characterization - Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) is a high resolution type of scanning probe microscopy (SPM) which 
produces images of surfaces by raster scanning a cantilever across the sample surface. The resolution 
of the SPM image is not limited by diffraction like other optical microscopy but the point spread 
function (sample-probe interaction volume). AFM has three major functions; 1) measuring a sample 
stiffness, 2) imaging the three-dimensional structure (topography) of a sample, and 3) manipulation of 
a sample (e.g. scanning probe lithography). As shown in Figure 56, AFM typically utilizes a small 
cantilever with a silicon or silicon nitride-based sharp and hard tip, a laser beam, a photodetector, and 
a sample stage. During operation, the cantilever is oscillated by piezoelectric elements and the laser 
beam is reflected off the cantilever tip. The forces between a cantilever tip and the sample surface such 
as contact force, van der Waals forces, chemical bonding, and electrostatic forces lead to the deflection 
of the cantilever.[135] This deflection changes the amplitude of the cantilever's oscillation as well as the 
resonance frequency, and these changes are captured by the position of the reflected laser beam recorded 
by a position-sensitive photodetector. There are three modes in AFM operation; contact mode, tapping 
mode, and non-contact mode. A probe tip is in continuous contact with sample surfaces in contact mode 
while a cantilever oscillates up and down near its resonance frequency (the amplitude of the oscillation 
is up to 200 nm) in tapping mode. In non-contact mode, a tip does not physically contact the sample 
surfaces, and therefore, the sample can be scanned several times without degradation effects. In this 
work, AFM was performed to image a topography of the sample surfaces and measure a thickness of 
OSC films, as well. All the AFM images were collected in ambient condition by Flex-Axiom with 
C3000 controller (Figure 57) purchased from Nanosurf. The silicon AFM tips, Tap190AI-G (purchased 
from Budget Sensors) with aluminium reflex coating were used in tapping mode. All the AFM images 
were processed and analyzed with the software ‘Gwyddion version 2.50’.  
 
 
Figure 56. Basic operation principle of AFM.[136] 
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Figure 57. Photograph of AFM system. (a) Video camera, the cantilever holder, and (b) AFM and 
isostage controllers. 
 
3.3.4. Surface potential characterization – Kelvin Probe Force Microscopy (KPFM) 
Kelvin probe force microscopy (KPFM) is generally performed with an AFM setup but with a special 
cantilever with a conductive probe tip. In general, the topography and the surface potential of sample 
surfaces can be obtained at the same time as shown in Figure 58a and b. KPFM measures the contact 
potential difference (CPD) between a tip and sample surfaces in non-contact mode. The resulting CPD 
(VCPD) between a tip and a sample is defined as VCPD=(φtip-φsample)/(-e).[137] When the cantilever tip is 
close enough to interact with sample surfaces, an electrical force is generated between a tip and sample 
surfaces due to the Fermi energy level difference. Accordingly, the surface potential or the work 
function of sample surfaces can be obtained as shown in Figure 58c. In addition, the electronic state of 
the local position on the sample surfaces can be obtained. In this work, KPFM was performed to confirm 
the surface doping effect and modification of the gate oxide surfaces. For the data presented in the 
surface doping section, KPFM was carried out by Eunah Kim in Ewha Womans University with XE-
100 purchased from Park system with applying 4 V in a glove box purged with N2 gas for at least 3 
hours (temperature: 16 °C, humidity: < 9%). The Pt/Ir (Arrow NCPt, purchased from Nanoworld) or 
gold (NSC36 purchased from MikroMasch) conductive tips were used. The KPFM data shown in the 
gate oxide modification section of this thesis was obtained with applying 2 V in ambient conditions by 
the Flex-Axiom AFM. The gold conductive tips, ElectriMulti75-G, were purchased from Budget 
Sensors. All KPFM data were processed with the software ‘Gwyddion version 2.50’. 
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Figure 58. Topography and the corresponding surface potential maps of rubrene partially coated with 
SAMs.[138] (a) AFM topography of rubrene with ∼50% FTS coverage: formation of flat, 1.3 ± 0.2 nm-
thick, single layer islands can be seen as brighter domains. The small bright dots are 3D mounds of 
polymerized FTS at defect sites. (b) Surface potential image of the FTS-rubrene sample (darker regions 
correspond to domains with a more negative surface potential). Direct correlation to the SAM 
morphology in (a) indicates that the electronegative fluoroalkyl tails are pointing away from the 
substrate. (c) Pixel analysis of the KFM data for the FTS sample demonstrate that the islands exhibit a  
more negative in surface potential than the uncoated surface of rubrene, with a potential difference of 
~540 ± 5 mV.  
 
3.3.5. Molecular Structure Characterization - Grazing Incidence Wide Angle X-ray 
Scattering (GIWAXS) 
X-ray analysis has been broadly used for OSCs recently to characterize structural properties from 
nanoscale to device scale. Grazing Incident Wide Angle X-ray Scattering (GIWAXS) is one of the most 
commonly used techniques to obtain various structural information of OSC films with a glancing 
incident angle such as molecular crystal packing, crystallite size and disorder, degree of crystallinity, 
and molecular orientation.[139] When X-ray plane waves pass through a film, some of them are diffracted 
by the atomic or molecular periodic planes (Figure 59). The reflections from the adjacent planes in a 
single crystal are interfered constructively, resulting a spot of high intensity. The direction of the 
diffracted beam is related to the orientation of the planes while the diffraction angle is related to the 
spacing between planes. When the scattering vector is normal to the sample plane (qz), the resulting 
pattern describes the periodicity out of plane to the substrate. If the scattering vector is along the sample 
plane (qxy), the resulting pattern shows the periodicity in plane to the substrate (the planes are 
perpendicular to the substrate). As shown in Figure 60, the orientation of the crystallites can be 
determined by the intensity and shape of diffraction peaks in reciprocal space (qxy-qz). When the 
molecules are randomly oriented, the resulting pattern shows a ring of uniform intensity (Figure 60a). 
When the sample has a preferred out-of-plane but isotropic in-plane orientation, the pattern will exhibit 
arcs or spots of intensity depending on a distribution of molecular orientation as shown in (Figure 60b). 
If the molecules are highly oriented, the diffraction pattern presents more intense and less spread spots 
or eclipse (Figure 60c).  
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Figure 59. Grazing incidence X-ray scattering (GIXS) with a 2D image plate with the distance between 
the sample and the detector, L.[139] 
 
 
Figure 60. Texture in PBTTT thin films. (A) Randomly oriented arrangements of crystallites, with no 
preference for a specific crystallographic orientation (100) with respect to the substrate normal produce 
rings in the diffraction patterns. (B) Textured or oriented films with a distribution of crystallite 
orientations produce arcs of diffracted intensity. (C) Highly oriented films produce spots or ellipses.[139] 
 
In this study, all the OSC films were prepared on the Si wafers with native oxide. The GIWAXS data 
was obtained at the Stanford Synchrotron Radiation Light Source (SSRL) beamline 11–3 with the 
photon energy of 12.7 keV and a MAR345 image plate area detector (Figure 61). The used incident 
angle of X-ray beam was 0.12 degree. All the samples were placed and measured in a helium-filled 
chamber. Each sample was exposed to the X-ray beam for 60 seconds. The resulting GIWAXS patterns 
were analyzed with ‘WxDiff’ version 1.23 developed by Prof. Dr. Stefan Mannsfeld. 
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Figure 61. The GIWAXS measurement system of beamline 11–3 at SSRL. 
 
3.3.6. Electrical Characterization - Current-voltage (I-V) measurement 
The current-voltage measurements of OFETs were performed by using a HP4145B semiconductor 
parameter analyzer; in some cases also two connected Keithley 236 source meters (Figure 62). All 
devices were measured with the S-725-PRV probes (purchased from Signatone) in a nitrogen-filled 
glove box as shown in Figure 63. In general, oxygen and water levels inside a glove box are 30 ppm 
and <1ppm, respectively. All current-voltage measurements were carried out with applying a gate 
voltage of 50 V for the output characteristics, and in case of the transfer characteristics a drain voltage 
of 50 V. The electrical parameters were controlled by the software “Sweep Me!” developed by Dr. Axel 
Fischer.  
 
 
Figure 62. Photographs of a HP4145B semiconductor parameter analyzer (left) and Keithley 236 source 
meter (right). 
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Figure 63. The current-voltage measurement system in a glove box (at IAPP, TU Dresden). Left is 
three probes and OFETs on the sample stage. Right is the glove box and the computer connected with 
two Keithley 236 source meters. 
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4.1. Optimization of OFETs based on PTCDI-C8 and N2200 
Before the investigation of surface doping and electrically active gate oxide modifications for PTCDI-
C8 and N2200 OFETs, the organic layer deposition parameters (deposition rate, temperature, thickness 
etc.) needed to be optimized first. For each PTCDI-C8 and N2200 device, the device performances were 
optimized with varying the OSC film deposition conditions and the SAM passivation of the dielectric 
layer. Note that even though the latter represents a gate oxide modification, this is normally done to 
improve the wetting characteristics of the organic material and to avoid the formation of water trap 
states on the surface – therefore, initially SAM treatments of the oxide were investigated without the 
notion of doping as it is discussed later in this thesis for amine-functionalized SAMs on the gate oxide. 
All the transistor parameters such as a threshold voltage and a carrier mobility were estimated by 
Equation 15 in the saturation regime of Id-Vg characteristics. 
  
4.1.1. PTCDI-C8 OFETs 
First, we tried to optimize the PTCDI-C8 film deposition conditions. The transistor based on PTCDI-
C8 deposited on ODTMS-treated SiO2/Si substrate at room temperature (RT) showed an on-current of 
~ 10-9 A and an onset voltage (Von) of over 50 V (Figure 64a). To improve these devices, they were 
annealed at 100 °C for 10 min on a hotplate in ambient condition. The on-current of the device increased 
2 orders of magnitude (10-7 A, Figure 64b), however, the threshold voltage (Vth) increased further to 
73 V (Table 2). This might be because PTCDI-C8 molecules reacts with water or oxygen in air 
condition or some adverse effect arises at the interface during the annealing process. Thus, the devices 
were fabricated with PTCDI-C8 films deposited at elevated substrate temperatures of 100 and 120 °C, 
respectively. The on-current of both device types increased 4 orders of magnitude compared to the as-
deposited OFETs fabricated at RT, and the onset voltage shifted negatively close to 0 V (Figure 64c 
and d). However, the threshold voltages were still over 40 V since the devices were, at the time, 
measured in ambient conditions which can generate deep carrier trap states from water and oxygen.[132] 
As a result, the transistors based on PTCDI-C8 films deposited at 120 °C showed the best OFET 
performance with mobility of 0.098 cm2V-1s-1 and the lowest threshold voltage of 42 V. Thus, almost 
all PTCDI-C8 films were deposited at 120 °C substrate temperature for the experiments described in 
the following sections.  
Next, OFETs based on PTCDI-C8 deposited at 120 °C were fabricated with varying dielectric surface 
treatments. Previous studies reported that electrons can be trapped by silanol groups and water 
molecules existing on the SiO2/Si substrates.[132,140] This can be compensated by deposition of SAM 
materials on the substrates. Moreover, the hydrophobic nature of SAM-treated surfaces can make the 
device performance improved by increasing molecular ordering and the overall OSC material 
wetting.[131] In previous works studying pentacene transistors, the mobility of the devices fabricated on 
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the OTMS-treated substrates was found to be higher than on the ODTMS-treated substrate due to bigger 
grains.[38,141] However, the PTCDI-C4F4 and C60 transistors fabricated on the ODTMS-treated substrate 
also have shown high performances.[133] Thus, both OTMS and ODTMS-treated SiO2/Si substrates were 
applied to PTCDI-C8 OFETs with the same method.[101] Figure 65 depicts the Id-Vg characteristics of 
PTCDI-C8 devices fabricated on bare SiO2/Si substrate, OTMS-treated SiO2/Si substrate, and ODTMS-
treated SiO2/Si substrate. Compared to the bare SiO2-based OFETs, the OTMS-based OFETs showed 
lower mobility whereas the ODTMS-based OFETs showed higher mobility and on-current. The 
mobility values were 0.048 cm2V-1s-1 for the bare SiO2-based OFETs, 0.013 cm2V-1s-1 for OTMS-based 
OFETs, and 0.220 cm2V-1s-1 for ODTMS-based OFETs, respectively (Table 3). The reason for the 
enhancement of the ODTMS-based OFET performance will be discussed in the section 4.3.2. As a 
result of these findings, all PTCDI-C8 OFETs were fabricated on the ODTMS-treated substrate during 
the subsequent experiments. 
 
 
Figure 64. Id-Vg characteristics of OFETs based on PTCDI-C8 films grown at room temperature (a) 
without any heating process and (b) with post-annealing process at 100 °C, and (c) grown at 100 °C, 
and (d) 120 °C. All devices were measured in air condition in this experiment. 
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Table 2. Electrical characteristics of OFETs based on PTCDI-C8 films grown at room temperature (a) 
without any heating process and (b) with post-annealing process at 100 °C, and (c) grown at 100 °C, 
and (d) 120 °C. 
 RT 
Post-annealed         at 
100 °C 
Sub. Temp. 100 °C Sub. Temp. 120 °C 
On-off ratio 104 104 105 105 
Vth (V) 49.34 73.74 46.08 42.49 
µ (cm2V-1s-1) 4.76×10-6 0.0021 0.0404 0.0984 
 
 
Figure 65. Id-Vg characteristics of PTCDI-C8 OFETs fabricated on (a) bare SiO2/Si substrate, (b) 
OTMS-treated SiO2/Si substrate, and (c) ODTMS-treated SiO2/Si substrate. 
 
Table 3. Electrical characteristics of PTCDI-C8 OFETs fabricated on bare SiO2/Si substrate, OTMS-
treated SiO2/Si substrate, and ODTMS-treated SiO2/Si substrate. 
 
Bare                  
SiO2/Si substrate 
OTMS-treated  
SiO2/Si substrate 
ODTMS-treated 
SiO2/Si substrate 
On-off ratio 1.54 x104 5.45x103 4.83x105 
Vth (V) 11.62 11.34 17.65 
µ (cm2V-1s-1) 0.0481 0.0126 0.2199 
 
 
4.1.2. N2200 OFETs 
The PTCDI-C8 OFETs fabricated on ODTMS-treated substrates showed high electrical performances 
as discussed in the previous section. However, the polymer N2200 could not be deposited on ODTMS-
treated substrate by a spin-coating process because the surface was too hydrophobic. Therefore, 
PVP:HDA (poly(4-vinylphenol):cross-linker, 4,4′-(hexafluoroisopropylidene)diphthalic anhydride), 
OTMS, and ODTCS were trialed as treatments of the SiO2/Si substrates. PVP:HDA is one of the 
commonly used polymer dielectric materials, showing a high OFET performance.[39,142] PVP:HDA 
layers were deposited with 20 mg mL-1 PVP:HDA (=10:1, wt:wt) solution in propylene glycol methyl 
ether acetate (PGMEA) including 1μL of crosslinking catalyst trimethylamine by spin-coating at 7000 
rpm for 60 sec in ambient condition, and then annealed at 110 °C for overnight and stored in vacuum at 
RT. The N2200 films on PVP:HDA-treated surfaces have long and narrow grains, often called fibrils, 
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that are randomly distributed as shown in Figure 66d and which are usually associated with favorable 
OFET performance. However, the transistors fabricated on PVP:HDA-treated substrate exhibit very 
low on-current (10-9 A) with unclear operation voltages and on and off states (Figure 66a). We thought 
this might be due to pinholes existing on PVP:HDA-treated surfaces.[143] Then, N2200 was spin-coated 
on OTMS-treated SiO2/Si substrates where the OTMS SAM layer had been grown by the same method 
as ODTMS.[101] As shown in Figure 66e, the so-produced N2200 films have smaller grains than the 
films on PVP:HDA-treated substrate. However, the current of the transistors increased up to 10-8 A and 
the onset voltage was clearly defined compared to the transistors fabricated on PVP:HDA-treated 
substrates.  
 
  
Figure 66. Id-Vg characteristics of N2200 OFETs fabricated on (a) PVP:HDA, (b) OTMS, and (c) 
ODTCS-treated SiO2/Si substrates. AFM images of deposited N2200 films on (d) PVP:HDA, (e) OTMS, 
and (f) ODTCS-treated SiO2/Si substrates. 
 
However, the devices still showed poor electrical transport properties. Therefore, SiO2/Si substrates 
were also immersed in 50 mM ODTCS solution in tetrachloroethylene for 20 h. On the ODTCS-treated 
substrate, N2200 films again formed a morphology with large fibril bundles (Figure 66f). The OFETs 
fabricated these ODTCS-treated substrate showed high on-current of 10-6 A and clear transistor behavior 
with an on-off ratio > 102 (Figure 66c). Therefore, for the following experiments, the N2200 OFETs 
were fabricated on ODTCS-treated substrates. 
Subsequently, we examined the transistor performances under varying N2200 film deposition 
conditions. N2200 solutions in chloroform with concentrations of 1, 2, and 3 mg mL-1 were spin-coated 
on ODTCS-treated substrates at 3000 rpm for 30 sec in ambient condition. As shown in Figure 67d, e, 
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and f, both grain size and film thickness increased with increasing solution concentration; from 15 nm 
for 1 mg mL-1 to 65 nm for 3 mg mL-1. Figure 67a, b and c show the Id-Vg OFET characteristics for 
each type of film. All the devices showed a similar on-current of ~10-6 A. The OFETs based on the 1 
and 3 mg mL-1 inks show similar mobilities around 0.02 cm2V-1s-1 despite the different film grain sizes 
and film thickness values, but the 3 mg mL-1-produced films showed the highest hole current (N2200 
is an ambipolar polymer), resulting the lowest on-off ratio (Table 4). The OFETs based on 2 mg mL-1 
films have non-linear √Id-Vg characteristics, with mobility values of 0.0015 cm2V-1s-1 in low Vg regime 
and 0.058 cm2V-1s-1 in high Vg regime. The threshold voltage were found to decrease with increasing 
the film thickness. The threshold voltage of OFETs fabricated with thinner films likely increase since 
water and oxygen can more easily penetrate into thinner films and act as traps for the charge carriers. 
Overall, the mobility of OFETs based on 1~3 mg mL-1 N2200 inks was similar, but the threshold voltage 
was found improved in thicker films.  
Based on these experiments, we decided to use the 1 mg mL-1 solution so as to be economical with the 
expensive N2200 material, but at the same time tried to increase the film thickness (to improve Vth) by 
reducing the spin-coating speed to 1000 rpm. The resulting films have 25 nm thickness and the OFETs 
showed the mobility of 0.02 cm2V-1s-1 and the threshold voltage of 16 V (Figure 68). These conditions 
were therefore used for all subsequent studies of N2200-based devices reported in here. 
 
 
Figure 67. Id-Vg characteristics of OFETs based on N2200 deposited with (a) 1 mg mL-1, (b) 2 mg mL-
1, and (c) 3 mg mL-1 solution in chloroform. AFM images of deposited N2200 films with (d) 1 mg mL-
1, (e) 2 mg mL-1, and (f) 3 mg mL-1 solution in chloroform. 
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Table 4. Electrical characteristics of PTCDI-C8 OFETs fabricated on bare SiO2/Si substrate, 
octyltrimethoxysilane (OTMS)-treated SiO2/Si substrate, and octadecyltrimethoxysilane (ODTMS)-
treated SiO2/Si substrate. 
 1 mg mL-1 2 mg mL-1 3 mg mL-1 
On-off ratio 103 103 102 
Vth (V) 21.63 8.7 / 20.76 11.43 
µ (cm2V-1s-1) 0.0270 0.0015 / 0.0575 0.0215 
 
 
Figure 68. (a) Id-Vd characteristics and (b) Id-Vg characteristics of OFETs based on N2200 deposited 
with 1 mg mL-1 solution in chloroform at 1000 rpm. 
 
4.1.3. Device measurement condition 
In ambient condition, the electrical transport properties of electronic devices can be degraded due to 
ambient water and oxygen.[132] In particular, devices based on n-type semiconducting materials are more 
susceptible to this since electron transport is much more sensitive than hole transport since n-type 
organic materials usually are reactive in air when their LUMO levels are higher than -3.9eV.[144–146] 
Therefore, we also compared the impact of measuring the OFET performance in ambient conditions 
and in inert atmosphere. Figure 69 shows the Id-Vg characteristics of n-channel OFETs based on PTCDI-
C8 measured under both ambient and nitrogen (O2 < 30 ppm, H2O < 1 ppm) conditions. Even though 
the devices were measured with applying the same Vd and sweeping the same range of Vg, the electrical 
transport properties were found to significantly depend on the surrounding atmosphere. For the devices 
measured in ambient condition and under nitrogen, the on-off ratio was 104 and 105, the threshold 
voltage was 28.58V and 2.35 V, and the saturation mobility was 0.17 cm2V-1s-1 and 0.41 cm2V-1s-1, 
respectively (Table 5). It is clear that OFETs operated in nitrogen condition shows much higher 
performance than those measured in ambient conditions. In addition, the devices measured in ambient 
conditions exhibited larger hysteresis than in nitrogen condition. This is likely due to the interaction of 
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oxygen and water with the OSC films which generates deeper traps states with life times on the order 
of the scan time. Accordingly, all the transistors in this dissertation were measured in a nitrogen-filled 
glove box to achieve more reasonable and sensitive experimental results. 
 
 
Figure 69. Id-Vg characteristics of TMA-doped PTCDI-C8 OFETs measured in (a) ambient condition 
and (b) nitrogen condition with applying Vd of 50 V. 
 
Table 5. The electrical characteristics of TMA-doped OFETs based on PTCDI-C8 films with 25 nm 
thickness measured in (a) ambient condition and (b) a nitrogen-filled glove box. 
 Ambient N2 
On-off ratio 104 105 
Vth (V) 28.58 2.35 
µ (cm2V-1s-1) 0.1668 0.4135 
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4.2. Investigation of Surface doping mechanism of Aminosilanes 
In this section, we describe surface doping effect of aminosilanes on OFET performances. We reiterate 
that aminosilanes were considered candidates for n-type doping of the organic materials since the amino 
group is a well-known strong base among organic compounds possessing a lone electron pair. Different 
aminosilanes were applied on top of n-channel OFETs based on two different prototypical n-type 
semiconductor materials: the small vacuum-depositable PTCDI-C8, and the solution-processable 
polymer N2200. We investigated the surface doping effect depending on the type of dopant, and the 
film conditions such as a grain size and a film thickness to elucidate the surface doping mechanism. 
The stability of the doped transistors will also be discussed. 
 
4.2.1. Surface doping effect depending on the dopant processing method 
In order to verify and compare a potential surface doping effect from aminosilanes (A-SAM) and to 
decide on a suitable method to deposit the dopants on the already fabricated OFETs, vacuum-
vaporization and spin-coating were used to deposit N-(3-(triethoxysilyl)propyl)ethane-1,2-diamine) 
(TEDA) which has two amino functional groups and a triethoxysilane anchor group. TEDA was 
deposited on OFETs based on N,N′-dioctyl-3,4,9,10- perylenedicarboximide (PTCDI-C8) film with 
25 nm thickness. As shown in Figure 49a, TEDA was deposited by vaporizing inside a desiccator at 
100 mbar or by using a spin-coating process. 
Figure 70 shows the Id-Vg characteristics, the threshold voltage, and the carrier mobility of OFETs after 
vaporization or spin-coating of TEDA as a function of doping concentration. The threshold voltage was 
estimated by linear extrapolation of the √Id-Vg curve from the transfer curve in the saturation regime as 
the point of the intercept with the voltage axis. The carrier mobility was estimated by Equation 15 in 
the saturation regime. Both dopant deposition methods successfully improved the on-current, the 
mobility and the threshold voltage of the devices. Even for small vapor-deposited TEDA concentrations, 
the on-current and the carrier mobility increased and the threshold voltage decreased. The 
improvements of the carrier mobility and threshold voltages leveled off with TEDA treatment times of 
0.5 h and 1 hour, respectively. The saturated values of the mobility and the threshold voltage of TEDA-
doped devices were 0.2 cm2V-1s-1 and 3 V. 
For the solution deposition route, TEDA solutions in methanol with varying the concentration from 0.05 
mM to 1 mM were spin-coated on the devices. To make sure that the solvent itself does not significantly 
alter the film morphology and thus the device performance by what is called “solvent annealing”, we 
first spin-coated pure methanol on the devices.[147] After depositing methanol on top of the device 
surfaces, both the threshold voltage and the mobility were found to be only very slightly decreased. The 
78  4. Result and Discussion 
methanol solvent effect could thus be ignored since it did not itself amount to any doping effect nor did 
it significantly change the morphology of films (Figure 71). With spin-coating of 0.05 mM TEDA 
solution, the threshold voltage shifted by 3 V and the carrier mobility increased 30%. At 0.5 mM TEDA 
concentration, the threshold voltage decreased towards 3 V and the carrier mobility reached 0.25 cm2V-
1s-1. A further increase to 1 mM TEDA concentration was found to not alter the electrical properties 
significantly. 
Accordingly, we confirmed that the electrical performances of PTCDI-C8 devices can be enhanced by 
surface doping of A-SAM and the almost same optimized values can be achieved through both doping 
methods. The fully doped devices showed the threshold voltage of 3 V and the carrier mobility of 0.2 
cm2V-1s-1. From the following sections, we only focus on the vaporization method because it can be 
applied to many devices at once and as can deliver a material itself directly without any solvent thus 
avoiding a perturbation of the active layers from the solvent exposure.   
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Figure 70. The Id-Vg characteristics of pristine PTCDI-C8 devices and the doped PTCDI-C8 devices 
by (a) vaporizing and (b) spin-coating of TEDA as a function of doping concentration. The carrier 
mobility versus the threshold voltages of the PTCDI-C8 devices with (c) vaporization and (d) spin-
coating of TEDA as a function of TEDA treatment time. The values were averaged with five devices 
(Vd=50 V). 
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Figure 71. AFM topography of (a) neat and (b) methanol treated PTCDI-C8 film. The scale bar (right 
bottom) length is 1 μm. No quantifiable difference can be found between the two films, confirming that 
methanol itself does not dissolve or alter PTCDI-C8 films. 
 
4.2.2. Surface doping effect for different types of organic semiconductors  
In order to confirm the generality of the surface doping effect with A-SAMs, we deposited A-SAMs on 
n-channel OFETs based on two different OSCs: the small molecule PTCDI-C8 and the polymer 
poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-
bithiophene)} (N2200, PNDI2OD-2T) based on perylene diimide and naphthalene diimide moieties, 
respectively. Figure 72a and b schematically depict the OFET structures based on PTCDI-C8 and 
N2200, as well as the chemical structures of the aminosilane materials used as surface dopants. One 
important question of this study was whether or not the doping strength (efficiency) would scale with 
the number of amino groups on the SAM molecule. Therefore, we employed two different A-SAM 
materials: 3-(trimethoxysilyl)propan-1-amine (TMA, which is often abbreviated as APTMS) with one 
amino group, and N-(3-(triethoxysilyl)propyl)ethane-1,2-diamine) (TEDA) with two amino groups. 
Both PTCDI-C8 and N2200 are well-known and air-stable due to their energetically low-lying lowest 
unoccupied molecular orbitals (LUMO) energy levels at around 4 eV.[4,30,31] Figure 72c shows the UV-
vis absorption spectra of 25 nm-thick PTCDI-C8 and N2200 films, which are consistent with previous 
reports.[30,32] After the deposition of source and drain contacts, TMA and TEDA were vaporized under 
0.1 bar as shown in Figure 72d. The amount of A-SAM material deposited (doping concentration) was 
controlled by the treatment time. Please note that in the following, doping concentrations and increased 
dopant vaporization times are used synonymously. 
The AFM images and profiles of PTCDI-C8 and N2200 films with 25 nm thickness were obtained to 
identify the surface properties of each OSC films (Figure 73 and Figure 74). PTCDI-C8 and N2200 
films have pronounced differences in their morphological properties (Figure 73a and b). PTCDI-C8 
films have a smooth surface with 1.209 nm of roughness and large but flat needle-like grains that are 
heaped up randomly. The height of single grain is 2 nm, but their width and direction appears arbitrary  
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Figure 72. The device architecture and chemical structures of the A-SAMs deposited on OFETs based 
on (a) PTCDI-C8 and (b) N2200. The insets show the chemical structure and the AFM image of 25 nm 
thick films of each OSC. It can be seen that the surface of the PTCDI-C8 film is much rougher than the 
surface of N2200 film. (c) Normalized UV-vis absorption spectra of PTCDI-C8 and N2200 films.  
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(Figure 74a). The roughness of N2200 films is 0.607 nm which is smoother than the PTCDI-C8 films. 
The narrow and roughly equally long fibrils cover the surface more densely than the PTCDI-C8 grains 
(Figure 73b). Since in case of surface doping the dopant molecules are introduced from the top of the 
OSC film surfaces, the film morphology might directly influence the degree of any doping effect, 
suggesting that the A-SAM strength/impact of the surface doping might be different for PTCDI-C8 and 
N2200. Figure 73c, d, e, and f show the surface morphology of both films after vaporizing TMA and 
TEDA. The dopants appear to be distributed along the grain edges in the PTCDI-C8 films and in-
between grains in the N2200 films. Figure 74c and e display the AFM line profiles of the doped PTCDI-
C8 films which have many small but sharp peaks – likely the dopant molecules – while the pristine film 
has more smooth surfaces. The roughness of TMA and TEDA doped films increased to 1.51 nm and 
1.56 nm, respectively. Figure 74d and f depict the profile of the doped N2200 films which have less 
vacancies than the pristine film and some sharp peaks of over 3 nm-height. Generally, significant 
morphological changes do not occur in the semiconductor films after surface doping of A-SAMs. In 
previous reports, SAM materials were reported to modify the work functions of both semiconductor 
and metal through the formation of surface dipoles.[148,149] The presence of dipoles or monopoles (charge) 
determines the work function that is measured by Kelvin probe force microscopy (KPFM). Ellison et 
al. reported that fluoroalkyl SAMs on rubrene single crystals showed a surface potential difference of  
-540 mV compared to rubrene.[150] To identify the surface potential difference between pristine and 
doped OSC films, we obtained KPFM images which were measured by Eunah Kim at Ewha Womans 
University. Figure 75a and d show KPFM images of the pristine PTCDI-C8 and N2200 films.  
 
 
Figure 73. AFM images of (a) Pristine, (c) TMA-doped, and (e) TEDA-doped PTCDI-C8 films and (b) 
Pristine, (d) TMA-doped, and (f) TEDA-doped N2200 films. The dopant molecules were vaporized for 
30 hours to make a better visualization of the dopants.  
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Figure 74. AFM Profiles of (a) Pristine, (c) TMA-doped, and (e) TEDA-doped PTCDI-C8 films and 
(b) Pristine, (d) TMA-doped, and (f) TEDA-doped N2200 films. 
 
 
Figure 75. KPFM images (2 μm×2 μm) of PTCDI-C8 films (a) before doping and after doping with (b) 
TMA and (c) TMDA and N2200 films (d) before doping and after doping with (e) TMA and (f) TMDA 
for 30 min. 
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Table 6. The work function of PTCDI-C8 and N2200 film surfaces estimated by contact potential 
difference (CPD) before and after surface doping with TMA and TMDA for 30 min. 
WF (eV) PTCDI-C8 N2200 
Pristine 5.36  0.03 3.88  0.02 
TMA 30 min 4.65  0 4.71  0.02 
TMDA 30 min 4.52  0.01 4.56  0 
 
The surface potential of pristine PTCDI-C8 and N2200 films is 5.36 eV and 3.88 eV, respectively. The 
surface potential values were estimated by averaging each value of whole film surface. After 
vaporization of TMA and TMDA for 30 min these values were shifted. The doped films had a similar 
surface potential value when the same A-SAM material was deposited, 4.65~4.71 eV for TMA-doped 
surfaces and 4.52~4.56 eV for TMDA-doped surfaces (Table 6). From the KPFM measurements we 
confirm that the doped films were deposited evenly on top of each OSC film, but cannot with certainty 
say whether charge transfer changed the work function or the polarity of the SAM material (parallel 
molecular dipole moments would also modify the local work function as probed by KPFM).  
The Id-Vd and Id-Vg characteristics of the A-SAM-doped PTCDI-C8 and N2200 devices as a function of 
the dopant treatment time are shown in Figure 76. After the A-SAM treatment, the source drain currents 
of all the devices are increased, but leveled out with a certain treatment duration. The currents saturate 
after 1h for TMA doped devices (Figure 76a and c) and 0.5 h for TEDA doped devices (Figure 76b 
and d). The saturated values are 10 times higher for PTCDI-C8 devices and 3 times higher for N2200 
devices than pristine devices regardless of the dopant type. Also, the saturated values are maintained 
for an even longer dopant treatment time of 3 h, which indicates that an equilibrium doping limit exists 
and no additional adverse effect are generated by even higher doping concentrations.  
Figure 77 shows the on-currents and off-currents of each devices as a function of doping concentration. 
Previous studies have reported that high doping concentrations induce an increase in the off-current and 
a decrease in the carrier mobility (and the on-off ratio).[19,151,152] However, with the A-SAM surface 
doping, the on-off ratio of all the devices is actually enhanced at low concentrations and remains 
unchanged at higher concentrations. The on-currents of PTCDI-C8 devices and N2200 devices increase 
10 times and 3 times, respectively, while the off-currents remain at ~ 10-11 A.  
In addition, it is worth pointing out that the hole current is also more completely suppressed after 
introducing A-SAMs. As shown in the bottom panels of Figure 76c and d, the hole currents of pristine 
N2200 devices which show the ambipolar characteristics decrease completely in the doped devices. 
This is similar to the finding in literature that blends of polyethylenimine (PEI) with ambipolar  
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Figure 76. The Id-Vd (the upper panel) and the Id-Vg (the bottom panel, Vd=50V) characteristics of (a) 
TMA-doped PTCDI-C8, (b) TEDA-doped PTCDI-C8, (c) TMA-doped N2200, and (d) TEDA-doped 
N2200-based OFETs as a function of doping concentration (treatment time). 
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semiconducting polymers result in unipolar devices.[153] The off-current value of pristine N2200 devices 
is fairly high (10-9 A, Figure 77c and d) since the off state cannot be identified accurately. After the A-
SAM doping, the on- and off-currents were much better defined. 
The carrier mobility and threshold voltage of PTCDI-C8 and N2200 devices as a function of the doping 
concentration are summarized in Figure 78. The initial performances of both devices are similar. The 
average electron mobility values are 0.021 cm2V-1s-1 and 0.023 cm2V-1s-1 and the average threshold 
voltages are 14.85V and 16.23V for the PTCDI-C8 and N2200 devices, respectively. After vaporization 
of the A-SAM materials, the mobility increased by different magnitudes depending on the dopant, but 
saturated at the almost same value for each OSC.  
Interestingly, the mobility of PTCDI-C8 devices is enhanced to a greater degree than that of N2200 
devices. The mobility of doped PTCDI-C8 devices is enhanced 10 times from 0.02 cm2V-1s-1 to 0.2 
cm2V-1s-1, while that of doped N2200 devices increases 3 times from 0.02 cm2V-1s-1 to 0.06 cm2V-1s-1. 
Therefore, depending on the used dopant, the rate of increase in the carrier mobility is different, while 
the optimum values are the same. Additionally, while the saturated mobility values are different 
depending on the OSC, the threshold voltage shift appears to only depend on the dopant. The threshold 
voltages of PTCDI-C8 and N2200 devices shift to 6.27 V and 7 V for TMA and 1.98 V and 4.11 V for 
TEDA, respectively.  
 
 
Figure 77. The on and off current values of (a) TMA and (b) TEDA-doped PTCDI-C8, (c) TMA and 
(d) TEDA-doped N2200-based OFETs as a function of doping concentration (Vd=50 V). Please note 
that error bars are plotted for all curves but are in many cases not visible due to the small statistical 
spread. 
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Figure 78. (a) The field-effect mobility, (b) the threshold voltage and (c) the onset voltage of TMA-
doped PTCDI-C8 (blue■), TEDA-doped PTCDI-C8 (red■), TMA-doped N2200 (blue⊙), and TEDA-
doped N2200 (red⊙)-based OFETs as a function of doping concentration (treatment time). 
 
Another interesting observation is that the mobility and the threshold voltage do not saturate at the same 
treatment times. The mobility saturation requires TMA doping for 1 h and TEDA doping for 0.5 h, but 
the saturation of the threshold voltage requires higher doping concentration. This means the surface 
doping of A-SAMs contributes the mobility enhancement first. It is known that the charge carrier 
mobility is affected by shallow traps existing on OSC surfaces and the threshold voltage can be shifted 
because of the filling of deep traps existing on interface between the gate dielectric layer and the OSC 
layer.[154–158] Since the dopants diffuse from surface of the OSC layer, the mobility could improve with 
lower concentration than the threshold voltage. This suggests the OSC film condition can influence the 
strength or efficiency of the surface doping effect. Accordingly, more extensive studies were needed to 
understand the interplay between film morphology and surface doping efficiency and its impact on the 
device performance.  
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Based on the results above, we suggest the surface doping mechanism. Since the OSC grains are usually 
not connected very well each other, the OSC films cannot completely cover the substrate. Therefore, 
shallow traps on grain boundaries and deep traps on gate dielectrics inevitably exist due to the material 
properties (Figure 79a). With introducing A-SAM molecules through the surface doping process, A-
SAMs can diffuse along the grain boundaries and fill shallow traps thus increasing the mobility (Figure 
79b). At further increased concentrations (treatment times), some of them can diffuse to the gate 
dielectric surfaces and compensate the interfacial deep traps (Figure 79c). 
 
 
Figure 79. Schematic illustration of the trap filling steps by surface dopants. (a) Pristine OSC films. (b) 
OSC films after surface doping with a lower doping concentration until the carrier mobility values are 
saturated. (c) OSC films after surface doping with a higher doping concentration until the threshold 
voltages are saturated.  
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4.2.3. Surface doping effect for different types of surface dopants 
To elucidate the surface doping mechanism, we investigated the doping effect under a varied 
morphology and thickness of OSC films and the dopant type. As an OSC material again the small 
molecule PTCDI-C8 was used since the grain size and the film thickness of PTCDI-C8 can be controlled 
by the thermal evaporation parameters more accurately and easily than with the polymer N2200. The 
polymer N2200 requires a solution process such as spin-coating and attempts to vary the coated film 
morphology in a controlled fashion suitable for this study failed (see discussion below). Moreover, 
because the doping effect of the PTCDI-C8 devices is more remarkable than that of the N2200 devices, 
and PTCDI-C8 devices were thus expected to react to morphological film changes more sensitively. 
First, we tested the surface doping effect depending on the dopant type. Since A-SAMs have both a 
silane anchor group and an amino group, the influence from both groups should be distinguished. In 
order to identify the effect of both groups on the doping effect, N-(3-(trimethoxysilyl) propyl)ethane-
1,2-diamine) (TMDA) was vaporized on the PTCDI-C8 device as a control dopant. TMDA can be a 
good counterpart to TMA and TEDA because it has two amino groups like TEDA but a trimethoxysilane 
anchor group like TMA. As shown in Figure 80a and b, the overall electrical properties of PTCDI-C8 
OFETs were enhanced after introducing TMDA. Figure 80c shows the threshold voltage and the 
mobility of TMDA and TEDA doped devices as a function of the doping concentration (treatment time). 
The threshold voltage and the mobility of both devices improve similarly from which we conclude that 
the doping effect is related to the amino group much more than to the specific silane anchor group.  
 
 
Figure 80. (a) The Id-Vd and (b) the Id-Vg characteristics of TMDA-doped devices and (c) threshold 
voltage and carrier mobility of TMDA-doped devices compared to TMDA-doped devices as a function 
of doping concentration.  
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Figure 81. (a) The carrier mobility and (b) the threshold voltage of pristine and doped PTCDI-C8 
devices with TMA, TMDA, and TMTA as a function of doping concentration. (c) The carrier mobility 
and (d) the threshold voltage of pristine and doped PTCDI-C8 devices with TMA, TMDA, and TMTA 
for 5 min.  
 
 Next, we tried to confirm the contribution of the amino group to the doping effect by using various A-
SAMs which consist of the same silane anchor group but which contain different numbers of amino 
groups. TMA, TMDA and N1-(3-trimethoxysilylpropyl)diethylenetriamine (TMTA) all have a 
trimethoxysilane anchor group but 1, 2 and 3 amino groups, respectively. For this study improved 
vaccum conditions were available which means that the A-SAM materials were vaporized at 5 mbar 
house vaccum. Therefore, the doping times were also expected to be reduced compared to the previously 
listed results which were obtained for about 100 mbar desiccator conditions. 
Figure 81a and b represent the carrier mobility and the threshold voltage of the devices as a function 
of doping concentration of TMA, TMDA, and TMTA. The mobility values increased up to 
0.25~0.3 cm2V-1s-1 and the threshold voltages decreased to 3 V in the doped devices. The mobility 
values saturated at around 5 min treatment time regardless of the dopant type. In contrast to the mobility, 
the doping concentration required to optimize the threshold voltage does depend on the number of 
amino groups, and the more amino groups the A-SAM material has, the less material is required to 
4.2. Investigation of Surface doping mechanism of Aminosilanes                         91 
 
achieve the same threshold voltage shift. If we treat the threshold voltage as an indicator for the number 
of mobile channel charges, this does indicate that the doping effect does indeed scale with the number 
of amino groups. Thus, we confirm that A-SAMs first improve the carrier mobility, and subsequently, 
with increased treatment times, the threshold voltage can be decreased, and does so more rapidly when 
the number of amino group in A-SAM is higher. These properties of the doped OFETs are graphically 
summarized in Figure 81c and d, which show the mobility and threshold voltage of OFETs with surface 
doping of different A-SAMs for 5 min each. When applying A-SAMs for only 5 min, the mobility 
values are saturated to the same value, but the threshold voltage decreases to the different values from 
13.4 V for the pristine device to 10.5 V, 8.2 V, and 4.0 V for TMA, TMDA and TMTA doped devices, 
respectively.  
Previously, after deposition of fluoroalkylated SAMs, stark conductivity increases were reported for 
rubrene single crystals and polymer films (3~6 orders of magnitude).[11,20] In order to obtain the 
conductivity after surface doping of A-SAMs, PTCDI-C8 devices were also fabricated on glass 
substrates (Figure 82a). Figure 82b presents the conductivity of pristine and doped devices with each 
A-SAM material (dopants were vaporized for 60 min). Pristine and doped PTCDI-C8 films showed 10-
10 S cm-1 and 10-7 S cm-1, respectively. With surface doping of A-SAMs, the conductivity of PTCDI-C8 
films increased 2 orders of magnitude. Somewhat surprisingly, the conductivity after surface doping of 
each A-SAM did not depend on the number of amino group in A-SAMs. These results confirm that the 
doping efficiency, here interpreted as the A-SAM dose or treatment time, differed with the number of 
amino group in A-SAM, but the saturation mobilities, threshold voltage values and conductivities were 
very similar. Accordingly, the more amino groups the dopant has, the faster the same optimized 
performances can be achieved.    
 
Figure 82. (a) The device structure for conductivity measurement. (b) Conductivity of pristine and 
doped PTCDI-C8 OFETs with different A-SAMs. 
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4.2.4. Surface doping effect for different OSC grain sizes 
As discussed above, the OSC film condition can impact the surface doping effect since the surface 
dopants are introduced from top of the devices. Thus, we also examined the surface doping effect’s 
dependence on varying OSC grain sizes and film thicknesses. It is well known that the grain size of 
OSCs can be controlled by the substrate temperature during the thermal deposition of OSCs.[30,159,160] 
As mentioned already, N2200 films need to be deposited by a solution process such as spin-coating, 
and it was difficult to control the grain size for a fixed film thickness and vice versa. As shown in Figure 
83, the morphology of N2200 films deposited by spin-coating with varying solution concentrations was 
significantly different. The fibrils are thicker and longer and the film thickness is thicker when the 
solution concentration is increased. When N2200 films spin-coated with the same solution 
concentration (3 mg mL-1) but at different spin speeds, still the obtained morphology and the thickness 
of films are very different as shown in Figure 84. Accordingly, we investigated the surface doping 
effect depending on the film condition only for PTCDI-C8 which can be deposited by thermal 
evaporation in vacuum condition.  
Figure 85 and Figure 86 show AFM images and profiles of the surfaces of the PTCDI-C8 films which 
were deposited at room temperature (RT), 60 °C, 120 °C, and 150 °C. With increasing the substrate 
temperature during the deposition, bigger grains are formed as was previously reported.[161] The smallest 
grains with 100 nm width cover the whole RT film surfaces while the 60 °C films have the long and flat 
grains with 50~200 nm width and 2 nm height, which are randomly stacked. With further increasing the 
substrate temperature up to 120 °C and 150 °C, the grains broaden and the connectivity of grains 
appears to be enhanced. The roughness of PTCDI-C8 films is found to be reduced with the larger grain 
size (Figure 86). It might initially appear counterintuitive that the doping effect is reduced when the 
morphology should in fact be better suited for charge transport. However, it is well known that the 
porosity of a film, i.e. the density of structural voids and layer defects is higher in films with many small 
grains than in films with larger grains. For small molecule thin films it was in the past discovered that 
chemical sensor performance is significantly linked to porosity, with films comprised of many small 
grains performing significantly better than films with large grains.[160] This is hypothesized to be due to 
an efficient diffusion of analytes into the film mainly through defect sites such as grain boundaries. In 
a similar fashion, the surface dopants could diffuse into and permeate through the PTCDI-C8 film 
through grain boundaries. The surface doping effect might thus be reduced for the films with bigger 
grains and lower roughness because it would be more difficult for the surface dopants to effectively 
diffuse into the films. This is a direct indication for the surface doping with SAM materials not to be an 
actual surface effects in the present case. Instead of forming stable films on top of the OSC like in the 
case of FTS on rubrene single crystals, the small A-SAM molecules with the less reactive anchor groups 
might diffuse into the film and become active directly near or at the channel region. 
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Figure 83. AFM images of N2200 film spin-coated with the solution concentration of (a) 0.5 mg mL-1, 
(b) 1 mg mL-1, (c) 2 mg mL-1, (d) 3 mg mL-1, (e) 5 mg mL-1, and (f) 7 mg mL-1 in chloroform at 3000 
rpm for 35 sec. The scale bar (right bottom) length is 1 μm. 
 
 
Figure 84. AFM images of N2200 film spin-coated with the solution concentration of 3 mg mL-1 at (a) 
1000 rpm, (b) 3000 rpm, and (c) 6000 rpm for 35 sec. The scale bar (right bottom) length is 1 μm. 
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To test whether or not there are any structural changes in molecular structure induced by differing 
substrate temperatures during deposition of OSCs, grazing incidence X-ray scattering (GIWAXS) 
patterns for PTCDI-C8 films deposited at RT were obtained by synchrotron scattering experiments. The 
resulting diffraction images show many clear sharp peaks (Figure 87a). The peak positions are very 
similar to previous reports and the small differences to existing report values might be due to the 
differences in molecular purity and deposition conditions.[161] When comparing the peak positions of 
PTCDI-C8 films deposited at RT, 60 °C, 120 °C, and 150 °C, the peak positions with maximum intensity 
are almost identical, and the differences are within the range of accuracy achievable by GIWAXS 
measurement (0.005 Å-1) as shown in Figure 87b and Table 7. Even though the grain sizes become 
much bigger with increasing deposition temperatures, the in-plane breadth of GIWAXS peaks in the 
grazing geometry are not reflecting these differences in the peak width due to the inherent in-plane 
broadening from the sample footprint. This result is consistent with a previous study.[161] In addition, 
each peak has a shoulder at smaller in-plane Qxy values which we however believe to be spurious and 
to be caused by macroscopic inhomogeneities in the films in conjunction with the sample footprint 
effect of the GIWAXS scattering geometry, rather than to be crystallographically significant. 
 
 
Figure 85. AFM images of PTCDI-C8 film deposited at the temperature of (a) RT, (b) 60 °C, (c) 120 °C, 
and (d) 150 °C. The scale bar (right bottom) length is 1 μm. 
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Figure 86. AFM profiles of PTCDI-C8 film deposited at the temperature of (a) RT, (b) 60 °C, (c) 120 °C, 
and (d) 150 °C. 
 
 
Figure 87. (a) GIWAXS pattern of PTCDI-C8 films deposited at RT. (b) In-plane X-ray diffraction data 
extracted from GIWAXS patterns as in (a) by integration of the Qz range 0 Å to 2 Å for PTCDI-C8 
films deposited at RT, 60 °C, 120 °C, 150 °C. The number of each peak is assigned for Table 7.  
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Table 7. Peak positions with maximum intensity in GIWAXS pattern of PTCDI-C8 films deposited at 
RT, 60 °C, 120 °C, 150 °C. The numbers (1-6) indicate each peak in Figure 87(b). 
 1 (10) 2 (11) 3 (01) 4 (20) 5 6 (1-1) 
RT 0.7539 1.3350 1.4381 1.5068 1.6263 1.8683 
60 °C 0.7569 1.3365 1.4425 1.5157 1.6278 1.8728 
120 °C 0.7583 1.3410 1.4455 1.5157 1.6293 1.8758 
150 °C 0.7554 1.3395 1.4410 1.5142 1.6293 1.8728 
 
Figure 88 illustrates the operating voltages and the carrier mobility of the OFETs based on PTCDI-C8 
films deposited with varying the substrate temperature after vaporization of TMA, TMDA, and TMTA 
for 60 min - a time chosen to be longer than what was needed to achieve the saturation of the mobility 
and the threshold voltage in the RT samples. The carrier mobility of pristine devices significantly 
increased from 0.0233 cm2V-1s-1 for RT films to 0.5428 cm2V-1s-1 for 150 °C films with increasing size 
and interconnectivity of grains, which means the mobility can be enhanced through the morphological 
control alone (Table 8).  
Chesterfield et al. reported that the electron mobility decreased in large grain films from 1.3 cm2V-1s-1 
for 75 °C and 0.22 cm2V-1s-1 for 165 °C due to thermally induced cracking from nonmatching thermal 
expansion coefficients.[162] However, in our case, even though a few cracks can be observed in Figure 
89, the electrical mobility significantly enhanced with increasing temperatures from the overall 
improved morphological properties of OSC films. Meanwhile, the threshold voltage values of pristine 
devices were not significantly different, which are in a range of 11~15 V. As previously reported, this 
indicates the morphological alternation such as grain size affects the carrier mobility, but does not the 
shift of the threshold voltage.[28,30,163,164]  
After surface doping the PTCDI-C8 OFETs for each OSC deposition temperature set of samples with 
TMA, TMDA, and TMTA, the carrier mobility and the onset and threshold voltage are found to be 
enhanced to the same saturation values for all A-SAMs for each deposition temperature (Table 8 and 
Table 9). The saturation values of the mobility show an overall increase with increasing PTCDI-C8 
deposition temperature (and thus PTCDI-C8 grain size). 
However, the ratio of the saturated value to the pristine value (μdoped / μpristine) decreases with increasing 
the grain size, or in other words, the degree of improvement of the mobility from surface doping is most 
pronounced for films with small grain sizes that were deposited at lower temperatures. As the 
morphological properties of the films are improved from deposition at elevated temperatures, likely the 
density of energetically shallow traps (which lower the mobility) is reduced, and therefore, the surface 
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Figure 88. (a) The onset voltage, (b) the threshold voltage, (c) the difference between the threshold 
voltage and the onset voltage, and (d) the field-effect mobility in saturation regime of pristine and doped 
devices with varying the deposition temperature of PTCDI-C8 film and the dopant (TMA, TMDA, 
TMTA) when applying Vd=50 V. The vaporization time was 60 min for all doped samples to achieve 
the saturation values.  
 
Table 8. The carrier mobility of the pristine and the doped devices with varying the dopant and the 
deposition temperature of PTCDI-C8 films. 
µ (cm2V-1s-1) Pristine TMA TMDA TMTA 
RT 0.0233 0.1747 0.1712 0.1683 
60 °C 0.0821 0.2814 0.2967 0.3003 
120 °C 0.3773 0.4993 0.4896 0.4807 
150 °C 0.5428 0.4546 0.5073 0.5030 
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Table 9. The threshold voltage of the pristine and the doped devices with varying the dopant and the 
deposition temperature of PTCDI-C8 films. 
V
th
 (V) Pristine TMA TMDA TMTA 
RT 11.04 2.33 2.6 1.94 
60 °C 15.36 3.34 2.92 2.43 
120 °C 14.97 3.56 3.38 2.72 
150 °C 13.39 2.76 2.63 2.32 
 
 
Figure 89. AFM images of the crack formation (marked with a black round) in the PTCDI-C8 films 
deposited at the temperature of (a) 120 °C, and (b) 150 °C. 
 
doping effect on the mobility decreases.  
On the other hand, the onset and threshold voltage of all of the doped films shifted to almost identical 
values, from 4~6 V onset voltage in pristine films to 0 V, and likewise from 11~15 V to 2~3 V for the 
threshold voltage. This might indicate that deep traps, which are likely more related to the chemical and 
molecular disorder than the OSC grain size, still exist at the interface between the OSC layer and the 
gate dielectric, even in films with large grains. In previous reports, the density of deep trap states (Ntrap) 
was estimated from the sub-threshold regime of the saturation current-voltage OFET characteristics 
from Equation 18.[158] 
 𝑁𝑡𝑟𝑎𝑝 =  𝐶𝑖|𝑉𝑡ℎ − 𝑉𝑜𝑛|/𝑒 Equation 18 
Equation 18 assumes that the majority of charge carriers in semiconductors are located at the interface 
between semiconductor-gate dielectric and that all deep interface traps states are filled when the gate 
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voltage reaches the threshold voltage. In Equation 18, the absolute bias value is corrected by the onset 
voltage of weak accumulation, since the device capacitance is only equal to the gate dielectric 
capacitance (Ci) for voltages above the flat band voltage (Von and the flat band voltage are assumed to 
be equal in Equation 18). Indeed, the so-calculated density of deep trap states of pristine devices goes 
slightly up when the deposition temperature was increased (with increasing grain size) (Table 10). 
However, after surface doping with A-SAMs, the density of deep trap states is reduced to 1~2×1010 cm-
2, fairly independent of the A-SAM material. Although the surface roughness and the density of grain 
boundaries in the OSC films are improved with larger grains, deep trap states clearly still exist in 
significant density at the interface between OSCs and gate dielectrics. This might explain why the 
surface doping effect on the threshold voltage appears to not be affected by the grain size.  
 
Table 10. The interfacial trap density of the pristine and the doped devices with varying the dopant and 
the deposition temperature of PTCDI-C8 films estimated by Equation 18. 
Ntrap (×1010 cm-2) Pristine TMA TMDA TMTA 
RT 3.02 1.45 1.25 1.09 
60 °C 7.09 2.08 1.82 1.52 
120 °C 6.47 1.85 2.11 1.70 
150 °C 5.86 1.60 1.64 1.20 
 
Calhoun et al. reported that FTS-induced mobile charges increase the conductivity of FTS-doped OSC 
films and the SAM-induced carrier density was 3×1013 cm-2.[20] In order to identify an increase in the 
number of mobile carriers by A-SAMs, we tried to estimate the extra number of mobile charges after 
surface doping. To achieve this one needs to quantify how the observed threshold voltage shift in doped 
devices is related to the number of extra charges from doping. With Vg being the gate voltage, VFB the 
flat-band voltage, 𝜑𝑠  the surface potential (voltage), and Vox the voltage drop across the gate 
oxide/dielectric, Equation 19 describes into what portions the applied gate voltage can be separated:[165]  
 𝑉𝑔 = 𝑉𝐹𝐵 + 𝜑𝑠 + 𝑉𝑜𝑥 Equation 19 
 
In most cases ∅𝑠 ≪  𝑉𝑔 − 𝑉𝐹𝐵 ,
[165]  and therefore the voltage drop over the gate oxide can be 
approximated as 𝑉𝑜𝑥 =𝑉𝑔 − 𝑉𝐹𝐵 =𝑉𝑔 − 𝑉𝑜𝑛 . Thus, the amount of accumulated charges 𝑄𝑎𝑐𝑐  can be 
written as below:[165]   
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 𝑄𝑎𝑐𝑐 = (−)𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝐹𝐵) Equation 20 
 𝑄𝑎𝑐𝑐 = 𝑄𝑚𝑜𝑏𝑖𝑙𝑒 + 𝑄𝑡𝑟𝑎𝑝 + 𝑄𝑠𝑡𝑎𝑡 = 𝑄𝑚𝑜𝑏𝑖𝑙𝑒 + 𝑄𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑒 Equation 21 
A part of 𝑄𝑎𝑐𝑐 is mobile, other 𝑄𝑎𝑐𝑐  are trapped or static (Equation 21). By definition of the threshold 
voltage, above it the channel is supposed to be formed so that the source contact is fully accumulated. 
More specifically, any increase of the gate voltage beyond the threshold voltage is supposed to lead to 
a capacitive increase of mobile accumulation charges (Equation 22). Therefore, 𝑄𝑚𝑜𝑏𝑖𝑙𝑒  and 
𝑄𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑒 can be defined as below. 
 𝑄𝑚𝑜𝑏𝑖𝑙𝑒 = 𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝑡ℎ) Equation 22 
 𝑄𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑒 = 𝑄𝑎𝑐𝑐 − 𝑄𝑚𝑜𝑏𝑖𝑙𝑒 = 𝐶𝑜𝑥(𝑉𝑡ℎ − 𝑉𝑜𝑛) Equation 23 
Note that Equation 22 is essentially identical to Equation 23 when equating static charges as filled 
deep trap states. 
After a doping process—while the extra charges can be both mobile and static (trapped)—the extra 
mobile accumulation charges 𝑄𝑚𝑜𝑏
𝑑𝑜𝑝
 induced by the dopants can be thought of and written as added to 
corresponding amount 𝑄𝑚𝑜𝑏𝑖𝑙𝑒  of the undoped device to obtain the total number of mobile 
accumulation charges  𝑄𝑡𝑜𝑡,𝑚𝑜𝑏
𝑑𝑜𝑝
. This of course assumes that the dopant material does not itself 
significantly alter the electric field in the channel. 
 𝑄𝑡𝑜𝑡,𝑚𝑜𝑏
𝑑𝑜𝑝
=𝑄𝑚𝑜𝑏𝑖𝑙𝑒+𝑄𝑚𝑜𝑏
𝑑𝑜𝑝
=𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝑡ℎ
𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 +
𝑄𝑚𝑜𝑏
𝑑𝑜𝑝
𝐶𝑜𝑥
) Equation 24 
Therefore, the observed threshold voltage shift can be directly related to the additional mobile 
accumulation charges that stem from the doping process. 
 ∆𝑉𝑡ℎ = 𝑄𝑚𝑜𝑏
𝑑𝑜𝑝
/𝐶𝑜𝑥  Equation 25 
From Equation 25 the number of mobile carriers induced by A-SAMs are estimated ( 𝑁𝑚𝑜𝑏
𝑑𝑜𝑝
=
∆𝑉𝑡ℎ𝐶𝑜𝑥/𝑒) as shown in Table 11. Figure 90 shows the results in Table 11 graphically and more or less 
says that despite differing numbers of amino groups on the tested A-SAM materials, the number of 
doped extra mobile charges is independent and around 6×1011cm-2.  
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Table 11. The number of mobile carriers induced by TMA, TMDA and TMTA for PTCDI-C8 OFETs. 
𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
 (×1011 cm-2) Pristine TMA TMDA TMTA 
RT 0 5.44  5.27  5.68  
60 °C 0 7.50  7.77  8.07  
120 °C 0 7.12  7.23  7.65  
150 °C 0 6.64  6.72  6.91  
 
 
Figure 90. The number of mobile carriers induced by TMA, TMDA and TMTA for PTCDI-C8 OFETs. 
 
In addition, to investigate the surface doping effect depending on the grain size in detail, the 
performances of OFETs with different grain size were analysed as a function of doping concentration. 
Figure 91a, b and c show the threshold voltage difference between undoped and doped OFETs, the 
number of additional mobile charges by A-SAM materials and the electron mobility of OFETs with 
PTCDI-C8 films deposited at RT, 60 °C and 150 °C as a function of TMDA treatment time, respectively. 
The rate at which the threshold voltage shifts with treatment time was higher for smaller grain films 
(RT). With doping of TMDA for 5 min, we could see the rate of the threshold voltage shift dropped, 
3.1 V/min for RT films, 1.9 V/min 60 °C films, 1.2 V/min for 150 °C films. This indicates the surface 
doping effect on the threshold voltage drops with increasing grain sizes. The number of mobile carriers 
induced by A-SAMs is estimated by ∆𝑉𝑡ℎ. The resulting values are decreased with large grain films, 
9.67×1011 cm-2 for RT films, 5.96×1011 cm-2 for 60 °C films and 3.73×1011 cm-2 for 150 °C films. Our 
hypothesis to explain this is that with increasing grain size the principal diffusion channels for the A-
SAM material to reach the PTCDI-C8/dielectric interface are less available, thereby reducing the 
fraction of A-SAM molecules that can produce free charges in the channel region (Figure 92). The 
mobility increased more for the 60 °C film than the RT film while the 150 °C film did not show any 
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increase in the mobility. This suggests that the initial film morphology is still important, since the doped 
mobility is affected by existing channel properties and morphological features. The RT films might be 
too poor to have more enhanced mobility even after surface doping. Accordingly, the electron mobility 
can be optimized enough by the control of the grain size while the surface doping of A-SAMs is still 
required to modulate and minimize the threshold voltage. However, with bigger grains in the films, the 
rate at which mobile doped charges become available near the channel is reduced in that it takes more 
A-SAM material (longer treatment times) to achieve the same doping effect.  
 
 
Figure 91. (a) The threshold voltage difference between the TMDA-doped and the pristine device and 
(b) the carrier mobility of the devices based on PTCDI-C8 deposited at RT, 60 °C, 150 °C as a function 
of TMDA treatment time. 
 
 
Figure 92. Schematic illustrations of the effect of different densities of grain boundaries on the rate of 
dopant diffusion into the film for (a) small grain films and (b) large grain films.  
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4.2.5. Surface doping effect for different OSC film thicknesses 
Since the dopant molecules are introduced from top of the film surfaces for the surface doping process 
and the charge transport channel forms near the gate dielectric in the OFETs, the thickness of OSC 
films is also the important factor that could influence the doping effect.[124] As shown in Figure 93a, 
the PTCDI-C8 OFETs were fabricated with varying thicknesses of PTCDI-C8 films (25 nm, 50 nm and 
100 nm). The PTCDI-C8 films were thermally deposited at 60 °C and TMDA was vaporized onto the 
sample under 5 mbar condition. Figure 93b, c and d and Table 12 present the threshold voltage, the 
electron mobility, and the calculated number of interface deep trap states in the pristine and TMDA-
doped devices depending on the thickness of PTCDI-C8 films. The results show that the electrical 
performances can generally be enhanced by just increasing the film thickness. As already discussed 
above when studying the grain size effects on the OFET performances, the electron mobility is fully 
optimized from 0.04 cm2V-1s-1 for 25 nm thickness to 0.31 cm2V-1s-1 for 100 nm thickness, but the 
threshold voltage is only slightly shifted from 18 V for 25 nm thickness to 13 V for 100 nm thickness. 
However, with the grain size control (laterally improved morphology), the threshold voltage shifts from 
15 V to 13 V (60 to 150 °C, Table 9) while the threshold voltage shifts from 18 V to 13 V (25 to 100 nm 
thickness with substrate temperature of 120 °C) with the thickness control (vertically improved 
morphology). On the other hand, the enhancement of the electrical mobility as achieved by grain size 
control (from 0.04 cm2V-1s-1 for 60 °C to 0.47 cm2V-1s-1 for 150 °C growth temperature) is bigger than 
what is achieved by increasing the total film thickness (0.04 cm2V-1s-1 for 25 nm to 0.32 cm2V-1s-1 for 
100 nm thickness). In brief, the mobility can enhanced much higher by the grain size control than the 
 
 
Figure 93. (a) Chemical structure of TMDA and schematics of PTCDI-C8 FETs varying the thickness 
of PTCDI-C8. (b) The threshold voltage, (c) the carrier mobility, and (d) the number of traps of pristine 
and the TMDA-doped devices as a function of the thickness of PTCDI-C8 layer. 
104  4. Result and Discussion 
Table 12. The onset voltage (Von), the threshold voltage (Vth), the difference between Vth and Von, the 
estimated number of trap density values, and the carrier mobility of pristine and the TMDA-doped 
devices with varying the thickness of PTCDI-C8 layer. All the values were averaged with five devices. 
 Pristine PTCDI-C8 film TMDA-doped PTCDI-C8 film 
Film Thickness (nm) 25 50 100 25 50 100 
Von (V) 9 8 6.6 0 0 0 
Vth (V) 18.48 16.75 12.89 1.74 1.73 0.92 
Vth-Von (V) 9.48 8.26 6.29 1.74 1.73 1.17 
Ntrap (×1011 cm-2) 5.92 5.46 3.93 1.09 1.08 0.73 
Vth, dop -Vth, pri (V) - - - 16.74 15.02 11.97 
𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
 (×1011 cm-2) - - - 10.4 9.37 7.47 
µ (cm2V-1s-1) 0.0402 0.0771 0.3186 0.2550 0.2749 0.2843 
 
thickness control. Neither controlling grain size nor controlling film thickness can however modulate 
the threshold voltage anywhere near as much as the surface doping.  
Estimating the density of deep trap states from Equation 18, we find that the number of deep traps 
found in the pristine devices reduces with increasing film thickness, 5.92×1011 cm-2 for 25 nm, 5.46×1011 
cm-2 for 50 nm and 3.93×1011 cm-2 for 100 nm. This is likely due to the fact that PTCDI-C8 does not 
grow layer-by-layer on SiO2 but instead by the Stranski–Krastanov mode (layer-by-island growth) and 
material gets still added to the first few layers when films with nominal thickness > 50 nm are deposited. 
This means that structural defects that act as deep channel trap states are still removed until surprisingly 
high thickness values. After surface doping of TMDA, the density of traps is further reduced, 1.09×1011 
cm-2 for 25 nm, 1.08×1011 cm-2 for 50 nm and 0.73×1011 cm-2 for 100 nm thickness. Therefore, the use 
of the surface dopant enhances the subthreshold regime of the PTCDI-C8 OFETs without requiring a 
significant additional amount of PTCDI-C8 molecules for thicker films. More importantly, the 
technologically important threshold voltage is shifted to the value of ~1 V, which is likely due to the 
filling of deep trap states by the amino group in A-SAMs.[22] Using Equation 25 we estimate the number 
of mobile carriers induced by surface dopants, 𝑁𝑚𝑜𝑏
𝑑𝑜𝑝
. With increasing film thickness, 𝑁𝑚𝑜𝑏
𝑑𝑜𝑝
 is decreased 
from 10.4×1011 cm-2 for 25 nm, 9.37×1011 cm-2 for 50 nm and 7.47×1011 cm-2 for 100 nm thickness. This 
indicates that more of 𝑄𝑡𝑜𝑡
𝑑𝑜𝑝
 is going to be trapped in bulk deep trap states which we cannot discuss 
using OFETs fabricated with thicker films, therefore, the less mobile charges can be added the thicker 
the film by surface doping. We confirm that with increasing the film thickness the threshold voltage and 
the electron mobility can be enhanced, and additionally, the deep trap density and the number of mobile 
carriers induced by surface dopants can be reduced. However, while the electron mobility can be 
optimized with thicker films, still the surface doping is effective to improve the threshold voltage 
towards zero.  
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Finally, as done above for films of different grain sizes, we also looked at the doping rate as a function 
of the film thickness. In thicker films, since it takes longer time for surface dopant molecules to diffuse 
to the gate dielectric surfaces, therefore, the threshold voltage would be shifted more slowly. Figure 94 
shows the electrical properties and the number of mobile carriers induced by doping of OFETs after 
TMDA is vaporized films of 25 nm and 100 nm thickness for 1 hour. In 5 min, the electrical mobility 
is fully saturated up to the same value of 0.3 cm2V-1s-1 in both films. However, the rate of the threshold 
voltage shift again depends on the film thickness. For the same dopant treatment time, the threshold 
voltage of the films with 25 nm thickness is shifted further than for the films of 100 nm thickness as 
shown in Figure 94a. This can readily be understood since in a thicker film, it takes more A-SAM 
material to achieve the same concentration near the channel while in addition the increased number of 
bulk trap states in thicker films can absorb many of the extra charges introduced into the film by the 
doping process (Figure 94c). Thus, the rate at which extra mobile charges become available near the 
channel (to shift Vth) is reduced.  
 
 
Figure 94. (a) The electron mobility and (b) the threshold voltage and (c) the number of mobile charge 
carriers induced by doping of 25 nm and 100 nm-thick PTCDI-C8-based OFETs as a function of TMDA 
treatment time. 
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4.2.6. Molecular structure of the doped films identified by GIWAXS   
Some of previous studies reported the molecular structures of films are changed after surface 
doping.[11,125] To identify any alternation in molecular structure of PTCDI-C8 films before and after 
surface doping, GIWAXS and specular scan were carried out. The doped samples were prepared by 
both vaporization and spin-coating methods. The vaporization was done for 5 hours and the 
concentration of dopant solutions for spin-coating method was 10 mM in methanol, which were much 
higher concentrations than for the previous experiments, to ensure that the doping effect is saturated. 
Figure 95 and Table 13 show that all the peak positions as fitted to Gaussian peak shapes are identical 
within the resolution of the synchrotron GIWAXS measurements (~0.005 Å-1). Therefore, these 
measurements confirm that the pristine lattice structure is unaltered even after depositing excessive 
amounts of A-SAM molecules. This also confirms that the increase in carrier mobility and conductivity 
of doped films is not due to any molecular structure change.  
 
 
Figure 95. In-plane X-ray diffraction data extracted from the GIWAXS patterns of doped PTCDI-C8 
films by TMA, TMDA and TMTA through vaporization (for 5 h) and spin-coating (10 mM solution in 
methanol). For the plots, the scattering intensity was integrated in the Qz range 0 Å to 2 Å The number 
of each peak is assigned for Table 13. 
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Table 13. Peak positions with maximum intensity in GIWAXS pattern of doped PTCDI-C8 films with 
TMA, TMDA, and TMTA. The doping was done by either vaporization for 5 h or spin-coating with 
10 mM solution in methanol. The numbers (1-6) indicate each peak in Figure 95, and the numbers in 
parenthesis are the (hk) indices of the assigned peak. 
 1 (10) 2 (11) 3 (01) 4 (20) 5 6 (1-1) 
Pristine 0.7569 1.3335 1.4291 1.5142 1.6308 1.8578 
TMA 5h 0.7613 1.338 1.4381 1.5157 1.6308 1.8683 
TMA 10 mM 0.7583 1.3365 1.4336 1.5157 1.6308 1.8683 
TMDA 5h 0.7598 1.3365 1.4336 1.5187 1.6293 1.8653 
TMDA 10 mM 0.7598 1.3365 1.4336 1.5187 1.6293 1.8653 
TMTA 5h 0.7583 1.3365 1.4351 1.5142 1.6293 1.8623 
TMTA 10 mM 0.7598 1.338 1.4336 1.5142 1.6323 1.8623 
 
 
4.2.7. Stability of the surface doped OFETs 
A very important question of any kind of device treatment is whether or not it affects the operational 
stability of the device. In general, hydroxyl groups or water that might exist on the dielectric surfaces 
can reduce the operational stability of OFETs.[99,132] It is known that the OFETs can work highly stably 
after compensating traps through doping.[166] In order to elucidate a possible reduction in these trap 
states by A-SAM doping, we also compared the Id-Vg characteristics of the pristine and doped devices 
for different PTCDI-C8 grain sizes and different dopant types by recording 5 repeated gate voltage 
sweeps for each device (Figure 96). For all the pristine devices (first column), the currents dropped 
significantly with each sweep cycle. Even when optimizing the lateral film morphology by growing the 
films at 150 °C substrate, the operation stability remains poor because of the existing interfacial deep 
traps. After treatment of TMA, TMDA, and TMTA for 3 h, the device showed highly stable operation 
during the 5 time-sweeps (the 2nd to 4th column in Figure 96). Hence, through surface doping of A-
SAM the electrical characteristics and as well as the operational stability of OFETs can be improved. 
While the enhancement of device performances through doping is very significant, the temporal 
stability of such an enhanced performances is also critical. Most previous studies have not shown any 
stability result for surface doped devices. For black phosphorus (BP), one of 2D semiconducting 
materials, the air stability was reported after vaporization of SixNy in gas phase.[123] BP-based FETs 
generally cannot be measured in air condition since BP can react with water and oxygen within few 
hours.[167] After deposition of SixNy the values of hole and electron mobility was decreased to ~75% of 
the initial values for 30 days. This suggests surface doping can enhance the electrical properties of 
devices and can preserve the device from water and oxygen in air condition.  
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Figure 96. The Id-Vg characteristics of pristine and TMA, TMDA, or TMTA doped OFETs based on 
PTCDI-C8 deposited at (a) RT, (b) 60 ℃, (c) 120 ℃, and (d) 150 ℃ with sweeping 5 times (Vd=50V). 
 
To compare the stability of pristine and doped devices, the PTCDI-C8 OFETs that were either stored in 
inert (O2<30ppm, H2O<1ppm) and under ambient conditions (20 °C, Humidity of 30~40%) were 
measured. All the devices were measured in nitrogen condition even after the prolonged air exposure. 
The Id-Vg characteristics of pristine and TMA-doped devices stored under dry nitrogen conditions 
showed almost same Id (drain currents) for 50 days. The Id values remained around 6×10-6 A for pristine 
devices and 3×10-5 A for doped devices. Though we wanted to track the mobility and the threshold 
voltage of devices as a function of exposure time, it was difficult to estimate the proper values since the 
linearity of √Id-Vg characteristics degraded as shown in Figure 97c and d. In nitrogen, the TMA-doped 
devices maintained the initial properties and the linear √Id-Vg characteristics for one week. After that, it 
seems that some unknown processes degraded the devices and therefore, the linearity of √Id-Vg 
characteristics was reduced beyond that storage time.  
On the other hand, the initial on-current Id value of devices exposed to ambient condition rapidly 
decreased in 15 days as shown in Figure 97b. For the pristine devices, the on-current values of 3×10-
6 A reduced to 1×10-6 A and 6×10-7 A after one and two weeks, respectively. For TMA-doped devices, 
the initial Id values were 3×10-5 A and dropped to 8×10-6 A after 10 days and 3×10-6 A after 14 days, 
respectively. When compared to the devices stored in nitrogen condition, the current drop of the OFETs 
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apparently occurred due to the degradation of pristine device itself. Therefore, it is difficult to delineate 
the stability of the dopant from that of the OSC in the pristine devices. However, the slight loss of the 
linearity of √Id-Vg characteristics of devices over time cannot currently be explained. 
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Figure 97. Id values of pristine and TMA-doped PTCDI-C8 devices as a function of the storage time 
in (a) nitrogen and (b) air conditions when applying Vd and Vg of 50 V. Id-Vg characteristics of pristine 
devices in (c) nitrogen and (d) air conditions and TMA-doped devices in (e) nitrogen and (f) air 
conditions.
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4.2.8. Summary 
In this section, we first investigated the surface doping effect of A-SAMs depending on the dopant type 
and the film conditions and tried to elucidate the surface doping mechanism. A-SAMs were successfully 
applied by a surface doping process via gas and liquid phase. There was no difference in the resulting 
doping effects that could be attributed to the processing method. After surface doping, A-SAMs at the 
low concentrations more strongly influenced the electron mobility than the threshold voltage. The 
conductivity of doped films increased by about two orders of magnitude and the number of mobile 
channel carriers by around 2×1011 cm-2, respectively. However, this improvement is not caused by 
change of any morphological detail of the OSC film such as the crystalline structure. 
When A-SAMs have more amino groups, lower doping concentrations are required to optimize both 
the electron mobility and the threshold voltage. With increasing the OSC film thickness, the electron 
mobility and the threshold voltage were improved while the grain size and connectivity of OSCs 
increased the electron mobility directly but not the threshold voltage. The doping effect on the mobility 
significantly reduced with increasing film thickness and grain size of OSCs. However, the electron 
mobility and the threshold voltage of all the doped devices exhibited the same optimized values after 
surface doping beyond the saturation concentration/treatment time. Furthermore, the operational 
stability of OFETs was improved by surface doping with A-SAMs, most likely due to the 
quenching/filling of existing deep trap states. 
We speculate that when the A-SAMs are deposited on top of the OFETs, the electron mobility is 
increased because the small A-SAM molecules can diffuse to and accumulate at the grain boundaries 
thus improving grain connectivity at low doping concentrations. With applying higher doping 
concentration of A-SAMs, deep traps existing on the dielectric surfaces can be compensated, which 
induce threshold voltage shifts towards zero volt.  
In summary, this study strongly suggested that the OSC film conditions should be considered as the 
first step to optimize the electrical mobility. Then, the proper dopant needs to be supplied to shift the 
threshold voltage in order to maximize the surface doping effect of A-SAMs. This simple and effective 
surface doping process can also likely to be employed for optimizing other organic semiconducting 
material-based electronic devices.   
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 4.3. Modification of the gate oxide with various self-assembled 
monolayers  
In this section, we investigate the impact of gate oxide modifications with various kinds of self-
assembled monolayer (SAM) materials on the resulting OFET performances to systematically study the 
effect of the functional group and the alkyl chain length of SAM material on the electrical properties of 
organic field-effect transistors based on the n-type polycrystalline small molecule. An important aspect 
of this set of experiments was also to compare the electronic effects of A-SAM-modified gate-oxides 
to those obtained by surface doping with A-SAM materials as discussed in the previous sections. In 
order to elucidate the effect of SAM materials on the films and devices, we examined both the 
morphological details of the resulting PTCDI-C8 films and the electrical properties of PTCDI-C8 
OFETs fabricated on SAM-treated gate oxide. 
 
4.3.1. The surface property of SAM-treated substrates 
Figure 98a, b, and c present the chemical structure of employed SAM materials and the SAM-treated 
SiO2/Si substrates schematically. We used a variety of SAMs from alkylsilanes (C-SAMs) to 
aminosilanes (A-SAMs) such as butyltrimethoxysilane (BTMS), octyltrimethoxysilane (OTMS), 
dodecyltrimethoxysilane (DDTMS), octadecyltrimethoxysilane (ODTMS), 3-
(trimethoxysilyl)propylamine (TMA, with one amino group), N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TMDA, with two amino groups), N1-(3-
trimethoxysilylpropyl)diethylenetriamine (TMTA, with three amino groups) to systematically compare 
the effect of the length of alkyl chain and the number of amino groups on SAMs on the OSC film 
morphology and the electrical performances of PTCDI-C8 OFETs. The SAMs were grown on heavily 
doped Si wafers with a 300 nm SiO2 oxide layer as mentioned in 3.1.3. All the OFETs were fabricated 
in a bottom-gate top-contact geometry with the small molecule PTCDI-C8 as shown in Figure 98d. 
Since the surface properties are an important contributor to determine the morphology of OSC 
films[35,131] as well as the OFET performance,[27,40] we characterized the surface properties of various 
SAM-treated oxides by contact angle measurement, AFM and KPFM.  
The water contact angle of each SAM-treated surface was differed, depending on the length of alkyl 
chain or the number of amino groups on SAMs as shown in Figure 99a and b. The contact angle 
increases (more hydrophobic) with increasing lengths of alkyl chain for C-SAM-treated surfaces (40.4 º 
for BTMS < 49.2 º for OTMS < 58.7 º for DDTMS < 104.4 º for ODTMS). On the other hand, for A-
SAM-treated surfaces, the contact angle decreases (more hydrophilic) with increasing numbers of 
amino group on A-SAM molecule despite the increase in the length of alkyl chain (56.7 º for TMA > 
54.2 º for TMDA > 49.4 º for TMTA). This is because the terminal CH3 group of C-SAMs is non-polar 
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Figure 98. (a) Chemical structure of C-SAMs (BTMS, OTMS, DDTMS, and ODTMS) and (b) A-
SAMs (TMA, TMDA, and TMTA). (c) Schematic illustration of various SAM-treated SiO2/Si 
substrates. (d) Chemical structure of PTCDI-C8 and schematic of the bottom-gate top-contact PTCDI-
C8 OFET geometry with SAM-treated substrate. 
 
and thus hydrophobic while the terminal NH2 group of A-SAMs is polar (due to the electronegativity 
of N atom) and can form a hydrogen bond with a water molecule. 
Figure 99c-j show the AFM topography recorded for various SAM-treated surfaces, which yields fairly 
smooth films with rms roughness values below 1 nm. All of the C-SAM-treated surfaces exhibit rms 
roughness values in a range of 0.11 nm~0.14 nm and are thus smoother than the bare SiO2/Si substrate 
with the rms roughness of 0.16 nm (0.14 nm for BTMS, 0.12 nm for OTMS, 0.11 nm for DDTMS, and 
0.14 nm for ODTMS). However, the surface roughness of A-SAM-treated surfaces increased with 
increasing numbers of amino groups (0.09 nm for TMA < 0.18 nm for TMDA < 0.42 nm for TMTA). 
Therefore, different OSC morphologies and electrical properties of OFETs fabricated on C-SAM and 
A-SAM-treated surfaces would be expected due to these different surface properties.[38,40]      
The surface potential of each SAM-treated surfaces was obtained by KPFM using an additional 
evaporated gold reference (with 50 nm thickness) as shown in Figure 100a. Since the KPFM conductive 
tip (gold) is very sensitive, the surface potential easily fluctuates during the measurement, and the gold 
electrode is used as a reference surface to obtain a reliable surface potential value whose surface 
potential is usually in a range of 0.2~0.4 V. In Figure 100b, the blue-colored surfaces of each KPFM 
image indicate untreated or SAM-treated gate oxide surfaces and the red-colored surfaces indicate the 
gold surfaces. Figure 100c represents the CPD values of each SAM surfaces relative to that of gold, 
0.7151 V for Bare SiO2, 0.2405 V for OTMS-treated surfaces, 0.9496 V for ODTMS-treated surfaces, 
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0.6761 V for TMA-treated surfaces, 1.0619 V for TMDA-treated surfaces, and 1.1342 V for TMTA-
treated surfaces. These values were obtained by averaging (integrating) the KPFM signal values in the 
SAM portion of the images in Figure 100b. The value of C-SAM-treated surfaces was expected to have 
similar value to bare SiO2 since the water contact angle and roughness of surfaces are similarly shown. 
Instead, the OTMS and ODTMS-treated substrates show more negative and positive values compared 
to bare substrates, respectively. For A-SAM-treated substrates, the surface potential values are found to 
be more positive as the numbers of amino group in A-SAMs increases. For A-SAM-treated surfaces, 
since the reported values of used A-SAMs are very scarce, we tried to compare with the reported values 
of other A-SAMs. The surface potential value of N-(6-aminohexyl)aminopropyltrimethoxysilane 
relative to ODTMS was -50 mV[168] and that of [3-(N,N′-dimethylamino)propyl]triethoxysilane (MAPS) 
was 1.04 V.[57] The literature-reported CPD values unfortunately vary from paper to paper, which might 
be because the SAM treatment method and the resulting surface property were different. However, the 
obtained surface potential values would be reliable since we measured numerous times and the similar 
value to MAPS is observed. 
 
 
Figure 99. (a) Photograph of a drop of distilled water on each SAM substrate. (b) Water contact angle 
of each SAM-treated surface with the number of amino group in SAMs. (c)-(j) AFM topography of 
various SAM-treated SiO2/Si substrates. 
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Figure 100. (a) Schematic illustration of SAM-treated sample for KPFM measurement. (b) KPFM 
images of each SAM-treated surfaces (Bare SiO2, OTMS, ODTMS, TMA, TMDA, and TMTA). (c) 
Contact potential difference (CPD) values of each SAM surfaces relative to that of gold (=CPDsample-
CPDgold) as a function of the number of amino group in SAMs. The values are calculated by integration 
of each signal area. 
 
4.3.2. The relation between the OSC morphology and the field-effect mobility 
Figure 101 depicts the electrical characteristics of OFETs fabricated with PTCDI-C8 films (25 nm 
thickness) on various SAM-treated surfaces. As can be seen in Figure 101a (Id-Vg characteristics of 
OFETs), the operating voltages and the on-current values vary significantly with the SAM materials 
that were used to treat the substrates. Figure 101b shows the field-effect mobility of OFETs as a 
function of the number of amino groups on SAMs. With respect to the carrier mobility, ODTMS, TMA, 
and TMDA-treated substrates were found to be highly beneficial modifications for PTCDI-C8 OFETs. 
The electrical mobility values of OFETs fabricated on BTMS (0.042 cm2V-1s-1), OTMS (0.013 cm2V-
1s-1) and DDTMS (0.014 cm2V-1s-1)-treated surfaces are similar to that of OFETs on bare SiO2 substrate 
(0.048 cm2V-1s-1). However, unlike the OFETs fabricated on the other C-SAM-treated surfaces, OFETs 
fabricated on ODTMS-treated surfaces showed a significantly improved mobility of 0.22 cm2V-1s-1. 
OFETs fabricated on A-SAM-treated surfaces resulted in higher electrical mobility of 0.30 cm2V-1s-1 
for TMA, 0.17 cm2V-1s-1 for TMDA, and 0.12 cm2V-1s-1 for TMTA, all of which are higher than the 
mobility values measured for the C-SAM materials with the exception of ODTMS. The mobility of 
OFETs fabricated on A-SAM-treated gate oxide appears to be slightly reduced with the number of 
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Figure 101. (a) The Id-Vg characteristics, (b) the saturation mobility, (c) the onset voltage, and (d) the 
threshold voltage of OFETs fabricated with PTCDI-C8 films (25 nm thickness) deposited on various 
SAM-treated surfaces. 
 
amino groups in A-SAMs (TMA>TMDA>TMTA), something that may well be the result of the also 
slightly increasing roughness of the A-SAM-treated oxide surface for the A-SAMs with higher amino 
group numbers (see above). Previous studies on modification of the gate dielectric surfaces reported 
that the carrier mobility was mainly influenced by the morphology of OSC films.[169–171] In many cases, 
the surface energy and the surface roughness significantly influence the OSC growth kinetics and 
impact the molecular orientation and ordering, crystallinity, and grain size and as well as the 
interconnectivity of OSC film grains.[27,39,40] Accordingly, in order to identify the OSC growth 
mechanism depending on the surface properties, the PTCDI-C8 films were deposited with varying the 
film thickness on various SAM-treated surfaces and AFM measurements were performed to compare 
the morphological differences depending on SAM materials which are treated on the gate oxide.  
Figure 102 shows the AFM topography of films with 25 nm thickness deposited on different SAM-
treated surfaces. It was difficult to observe any morphological differences among the films. All the films 
have long and narrow needle-like grains that are distributed randomly, and the only obvious difference 
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is that the films on the bare substrates have smaller grains than the other films. However, the OFET 
performance depends sensitively on the morphology in the channel region near the dielectric 
interface,[35,172,173] and those layer’s morphology is buried in 25 nm-thick films. Even in thinner films of 
10 nm thickness as shown in Figure 103 the morphological differences to the 25 nm-thick films are 
large in grain size and do not help explaining device differences. Therefore, even thinner films were 
deposited on the SAM-treated substrates. In the following paragraphs, first the morphological 
observations made in the resulting AFM images of 2 and 5 nm-thick films are discussed in detail, and 
subsequently an attempt is made to link them to the electrical performances of the corresponding OFETs.  
The thickness of monolayer of PTCDI-C8 film is known to be around 2 nm,[161] and we therefore 
fabricated PTCDI-C8 films with 2 nm and 5 nm thickness to obtain the first and second layer 
morphologies of PTCDI-C8 films. AFM topography of the resulting films is provided in Figure 104 
and Figure 105. On the bare substrates, PTCDI-C8 films have the smallest grains among all tested films 
of the same thickness, including in the first and second layer films (Figure 104a). The second layer (5 
nm, Figure 104b-e) PTCDI-C8 films on C-SAMs are comprised of long and narrow needle-like shaped 
grains with some vacancies/holes in the film (the black-colored area), while the same-thickness films 
on TMA and TMDA-treated surfaces (Figure 104f-h) have small needle-like grains, and the films on 
TMTA-treated surfaces have the longest and biggest grains among the tested films (Figure 104h).  
Figure 105a presents the surfaces of PTCDI-C8 films on bare SiO2 surfaces with 2 nm thickness. The 
first layer (2 nm thickness) of PTCDI-C8 on bare SiO2 surfaces still has the smallest grains and poor 
quality of films. Figure 105b-e show the first layer of PTCDI-C8 films on the substrates treated with 
C-SAMs (BTMS, OTMS, DDTMS and ODTMS) which has grains that are not round but have more 
jagged edges. With increasing the length of alkyl chain in C-SAMs (from BTMS to ODTMS), not the 
grain size itself but rather the grain connectivity appears improved. Figure 105f-h show the topography 
of PTCDI-C8 films of 2 nm-thick films on A-SAM-treated surfaces. Despite similar hydrophobicity of 
A-SAM-treated and C-SAM-treated surfaces (except the outlier ODTMS), the first layer of PTCDI-C8 
on A-SAM-treated surfaces shows the far bigger and rounder, almost circular grains compared to the 
C-SAM-treated surfaces. In previous reports, the grains were grown with a more fractal boundary (more 
jagged shape) when the rate of molecular diffusion on the bare substrate is greater than the diffusion of 
molecules that are already attached to grains along the edges/boundaries of those grains.[174] This 
scenario leads to more jagged island edges and in extreme cases to “hit and stick” behavior or so-called 
diffusion-limited aggregation which produces fractal island shapes. If the edge diffusion rate is high 
enough, round islands and circular shapes become the norm instead. Thus, the diffusion of molecules 
might be less limited on A-SAM-treated substrates than C-SAM-treated substrates. Also, in a previous 
report, the interaction between poly(3-hexylthiopehene) (P3HT) and either CH3 groups in OTMS or 
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Figure 102. AFM topography of PTCDI-C8 films with 25 nm thickness on (a) the bare SiO2/Si substrate 
and the substrates treated with (b) BTMS, (c) OTMS, (d) DDTMS, (e) ODTMS, (f) TMA, (g) TMDA, 
and (h) TMTA. 
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Figure 103. AFM topography of PTCDI-C8 films with 10 nm thickness on (a) the bare SiO2/Si substrate 
and the substrates treated with (b) BTMS, (c) OTMS, (d) DDTMS, (e) ODTMS, (f) TMA, (g) TMDA, 
and (h) TMTA. 
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NH2 groups in TMA was found to induce conformational changes in the P3HT films.[55] Thus, the 
different grain growth mechanism might be because the interaction between NH2 group of A-SAMs and 
PTCDI-C8 is different from the interaction between CH3 group of C-SAMs and PTCDI-C8.[55] In 
addition, the grain size increases and the grain shape is less round the more amino groups the A-SAMs 
contains. This might be due to the higher surface roughness. Since TMTA-treated surfaces have rougher 
surfaces than other A-SAMs, PTCDI-C8 molecules could not diffuse efficiently on the substrate 
surfaces and could form less round-shaped grains.[34] However, further study needs to be performed to 
elucidate the obvious reason for formation of different grain sizes and shapes. 
The main reason for similar electrical mobility values in OFETs fabricated on BTMS, OTMS and 
DDTMS-treated surfaces and bare SiO2 substrate might be the rather poor grain connectivity within the 
first layer and a tendency of the material to de-wet from the substrate, i.e. the coverage of the first layer 
is still low even when a nominal amount of two monolayers worth of material has been deposited 
(Figure 104a-d and Figure 105a-d). As mentioned already in the introduction section, the second layer 
can offer additional pathway for the charge carriers by bridging across the grain boundaries of the first 
layer.[27] However, the electrical mobility of OFETs fabricated on ODTMS-treated surfaces (0.22 cm2V-
1s-1) is significantly higher, which is likely due to the high interconnectivity of grains at the first layer 
and the well-covered film morphology by the second layer as shown in Figure 104e and Figure 105e. 
It means that the morphology of the first few layers can be the main contributor to affect the electrical 
mobility as we discussed above.  
Another interesting finding in the morphology discussion above was the observation of different island 
shapes. Previous reports claimed the grain shape of the first layer could be also important to the mobility 
values.[34,131] A first layer with circular shaped grains usually resulted in high performances of pentacene 
OFETs. Similarly also in our case, the A-SAM-treated substrates with more round PTCDI-C8 grains 
have a better corresponding OFET performance than the C-SAM-treated substrates, with the exception 
of the films on ODTMS-treated oxides which however also produces very different water contact angles 
than those other SAM materials.  
A really striking finding is that the morphologies of the 2 nm thick films and their 5nm thick 
counterparts are in some cases very different. For example, the 2 nm morphologies that belong to the 
best OFETs in the tested set, the ODTMS-treated and TMA-treated devices, are quite different as 
already discussed, with well interconnected elongated grains in the ODTMS case and large circular 
islands in the TMA case (Figure 105e and f). Nonetheless, the morphologies of 5 nm-thick PTCDI-C8 
films grown on those same two substrates are nearly indistinguishable (Figure 104e and f). Since both 
stages of growth—2 nm and 5 nm film thickness—show snapshots of the evaluation of the first and 
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Figure 104. AFM topography of PTCDI-C8 films with 5 nm thickness on (a) the bare SiO2/Si substrate 
and the substrates treated with (b) BTMS, (c) OTMS, (d) DDTMS, (e) ODTMS, (f) TMA, (g) TMDA, 
and (h) TMTA. 
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Figure 105. AFM topography of PTCDI-C8 films with 2 nm thickness on (a) the bare SiO2/Si substrate 
and the substrates treated with (b) BTMS, (c) OTMS, (d) DDTMS, (e) ODTMS, (f) TMA, (g) TMDA, 
and (h) TMTA. 
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second layer of PTCDI-C8, this shows how complex the growth is and how tricky it is to link 
morphology to device performance. The 5 nm film morphology could actually explain quite well why 
among all fabricated OFETs the ones made on TMA and ODTMS-treated surfaces show the first and 
second highest electrical mobility (0.30 cm2V-1s-1 and 0.22 cm2V-1s-1). In both cases, the first layer 
coverage appears near complete with well-connected grains and far fewer vacancies (first layer holes) 
in these films (Figure 104e and f) than are visible in the 5 nm films on the other C-SAM and A-SAM-
treated substrates. 
Another point that can be addressed is the trend of decreasing mobility with increasing numbers of 
amino groups on the A-SAM materials. The 5 nm thick PTCDI-C8 films on TMDA and TMTA-treated 
substrates have more visible film holes/vacancies than the films on TMA-treated substrates (Figure 
104e-h). This morphological difference might be related to the different surface roughness that we had 
observed in the A-SAM-treated substrates but also the degree of interaction between the OSC molecules 
and the amino groups on the SAM molecule that will change with the number of amino groups. Figure 
106a-h and Figure 106i-p depict the AFM images and the associated line cut profiles of the first PTCDI-
C8 layer, respectively. The surface profiles of films on A-SAM-treated surfaces are shown in Figure 
106n, o and p. With increasing number of amino group (from TMA to TMTA) in A-SAMs, the surface 
roughness of the first OSC layer significantly increases while the profiles of surfaces for the other SAM 
substrates look similar. Figure 107 and Table 14 show the calculated interfacial trap density (𝑁𝑡𝑟𝑎𝑝) in 
the OFETs on the SAM-treated gate oxides as estimated by 𝑁𝑡𝑟𝑎𝑝 =  𝐶𝑖|𝑉𝑡ℎ − 𝑉𝑜𝑛|/𝑒 (Equation 18, 
see section 4.2.4). The number of deep interfacial trap sites on A-SAM-treated surfaces increases with 
the number of amino groups on the A-SAMs (0.98×1012 cm-2 for TMA, 1.38×1012 cm-2 for TMDA, and 
2.01×1012 cm-2 for TMTA) while OFETs fabricated on C-SAM-treated surfaces show similar values. 
Therefore, an increased molecular disorder from the increased interaction between OSCs and A-SAMs 
with multiple amino groups might induce a poorer film morphology and reduce the carrier mobility as 
well. 
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Figure 106. (a)-(h) The AFM images and (i)-(p) the AFM profiles of a monolayer of PTCDI-C8 films 
on various SAM-treated substrates.  
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Figure 107. The number of trap density (Ntrap) estimated from the subthreshold region (Vth-Von) of 25 
nm-thick PTCDI-C8-based FETs fabricated on various SAM-treated surfaces as a function of the 
number of amino group in each SAM. Ntrap was estimated from Equation 18. 
 
Table 14. The onset voltages, the threshold voltages, and the number of trap density estimated from the 
subthreshold region (Vth-Von) of 25 nm-thick PTCDI-C8-based FETs fabricated on various SAM-treated 
surfaces. Ntrap was estimated from Equation 18.  
 Bare BTMS OTMS DDTMS ODTMS TMA TMDA TMTA 
Von (V) 6 6 8 5 8 0 -19 -41 
Vth  (V) 11.62 15.48 11.34 10.96 17.65 15.69 3.18 -8.82 
Vth-Von (V) 5.62 9.48 3.34 5.96 9.65 15.69 22.18 32.18 
Ntrap (×1012 cm-2) 0.35 0.59 0.21 0.37 0.6 0.98 1.38 2.01 
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4.3.3. The origin of the threshold voltage shift  
Figure 101d plots the threshold voltage of OFETs fabricated on various SAM-treated surfaces. In order 
to extract currents from PTCDI-C8 OFETs at lower gate voltages, TMDA-treated substrates seem to be 
the most suitable with the lowest threshold voltage (Vth=3.18 V). In general, the threshold voltage is not 
as directly related to the film morphology as the mobility (as was discussed with grain size dependent 
electrical characteristics in section 4.2.4),[28,158] but it seems to be related to the number of amino group 
on A-SAMs. Pernstich et al. argued the threshold voltage shift can be related to the surface potential 
induced by the dipole moment the SAM molecules used in a gate dielectric modification.[158] In our 
case, the surface potential, at least as was measured in the KPFM experiments, does not seem to be 
directly correlated to the threshold voltage (Figure 100c and Figure 101d). The threshold voltage 
values of OFETs fabricated on C-SAM-treated surfaces were similar, while the threshold voltages of 
OFETs fabricated on A-SAM-treated surfaces were strongly shifted and the shift increased with the 
number of amino groups in A-SAMs. The origin of the threshold voltage shift by polar SAM materials 
including A-SAMs is still under debate. Possible origins that are frequently quoted are: i) weak charge 
transfer effect from A-SAM to OSC materials,[23] ii) dipole-induced addition of accumulation 
charges,[28,56] and iii) charge trapping effects.[22] 
In order to address this question, we first theoretically estimated the dipole moment values of each A-
SAM molecule. The theoretical characterization of A-SAMs (with silyl group) was carried out by the 
group of Dr. Frank Ortmann using density functional theory (DFT)-based approaches. The geometry 
optimization of SAMs was performed using the NWchem software package in combination with the 
long-range corrected CAM-B3LYP exchange correlation functional and the cc-pVTZ basis set.[175–180] 
Dipole moment values were calculated for the neutral and cationic protonated SAMs at the position of 
the Si atom.  
The amino group of A-SAM-treated substrates is well known for being susceptible to protonation on 
silicon dioxide or glass substrates.[56,181] After protonation in amino group, the dipole moment changes 
from a negative value to a positive value, i.e. the dipole direction is changed and pointing towards the 
terminal amino group after protonation.[23,56] In order to quantify the degree, if any, of protonation in 
our SAMS, we performed X-ray photoelectron spectroscopy (Figure 108). We found that neutral (NH, 
NH2, at 400 eV) and protonated amino species (NH2+, NH3+, at 402 eV) coexist in all the SAM-treated 
surfaces but at different ratios: the ratio of protonated:neutral amino group was 30:70 for TMA, 20:80 
for TMDA, and 10:90 for TMTA. This result is accordance with a previous report.[181] However, if the 
different A-SAM molecules grow at a similar density on the substrate and if one further considers the 
different number of amino groups on them, the total number of protonated A-SAM molecules in the A-
SAM films would be very similar in all films based on the above measured protonated:neutral amino 
group ratios. 
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Figure 108. X-ray photoelectron spectra of N 1s orbital of (a) TMA, (b) TMDA, and (c) TMTA-treated 
surfaces. 
 
Since the number of amino groups on TMDA and TMTA is more than one, the position where the 
protonation reaction actually occurs is significant for a determination of the dipole moment value. From 
the theoretical simulation and in agreement with a previous study,[181] we confirmed that the protonation 
is energetically most likely to occur at the amino group that is closest to the silane anchor group. For 
TMDA, for example, if the protonation reaction occurs at N2 position (see Figure 109 and energy values 
listed Table 15), the molecular energy is 462 meV higher than if protonation occurred at the N1 position. 
For TMTA, when the protonation occurs at N2 and N3 position, the molecular energy values are 151 
meV and 591 meV higher than at N1 position, respectively. Thus, with the assumption that the 
protonation reaction occurs at the N1 position in all of the A-SAM molecules, a dipole value was then 
theoretically calculated for all of them (Table 15). However, the trend in dipole moment values of A-
SAMs cannot explain the experimentally observed trend for the OFET threshold voltage shift 
(+6.06 𝑒 𝑎0 for TMA, +4.25 𝑒 𝑎0 for TMDA, and +1.70 𝑒 𝑎0 for TMTA). If the dipole moment was 
the main contributor to the threshold voltage shift, TMA should have induced the strongest threshold 
voltage shift.  
In addition, we also calculated the dipole moment of OTMS and ODTMS with the same as used for the 
A-SAMs. The silicon atom is positively charged by 0.5 e a0. As shown in Figure 110, the direction of 
the dipole moment is the same, pointing towards the silane anchor groups. The calculated dipole 
moment value of OTMS and ODTMS is 0.745 e a0 and 0.752 e a0, respectively. Accordingly, these 
results would also not explain the threshold voltage shifts in OFETs fabricated on either OTMS or 
ODTMS-treated substrates in our case. Even though the dipole moment values for OTMS and ODTMS 
are very similar, the threshold voltage of OFETs fabricated on either OTMS or ODTMS-treated 
substrates showed a substantial difference of around 6 V (11.34 V for OTMS and 17.65 V for ODTMS). 
Therefore, we turned our attention to a possible charge transfer from the A-SAM molecules to the 
PTCDI-C8 molecules. To analyze the possibility of such a scenario, model dimers were created as 
depicted for TMA and TMTA in Figure 111. Geometry optimization of the SAMS was carried out at  
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Figure 109. The chemical structure of (a) TMA, (b) TMDA, and (c) TMTA. Nn (n=1,2, and 3) is 
assigned for the protonated position in Table 15. 
 
Table 15. The molecular energy and dipole moment of the protonated form and Coulombic binding 
energy between SAM molecule and PTCDI-C8 molecule. 
A-SAM 
Position of 
amino group 
Molecular Energy of           
the protonated form (meV) 
Dipole moment of the 
protonated form (𝒆 𝒂𝟎) 
𝜟𝑬𝐜𝐨𝐮𝐥 * 
(meV) 
TMA N1 - +6.06 -852 
TMDA 
N1 - +4.25 -715 
N2 +462 - - 
TMTA 
N1 - +1.70 -613 
N2 +151 - - 
N3 +591 - - 
* 𝛥𝐸coulwas etimated from Equation 27. 
 
the CAM-B3LYP/3-21G level of theory including empirical van der Waals corrections.[182,183] Charge 
transfer was evaluated based on the atomic charges of the dimer using the Hirshfeld charge approach as 
implemented in the Gaussian09 suite at the CAM-B3LYP/cc-pVTZ level of theory.[184–187] From the 
simulation result, we identified that only one electron can be transferred from close to the protonated 
amino group of the A-SAMs to the PTCDI-C8 molecule, regardless of the type of A-SAMs. As shown 
in Figure 111, electrons are delocalized around protonated amino group on TMA and TMTA. After one 
electron is transferred to PTCDI-C8 molecule, a singly occupied molecular orbital (SOMO) of PTCDI- 
C8 is formed as can be seen in Figure 111. Even multiply protonated molecules (the number of 
protonated amino group is more than one) can also transfer only one electron to PTCDI-C8 molecule. 
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Figure 110. Chemical structure of OTMS and ODTMS. The direction of arrow is the dipole moment 
direction. 
 
This alone would not explain the greater threshold voltage shift that we observe with increasing number 
of amino groups in the A-SAMs. However, the calculations also show that the transferred electrons are 
less strongly bound to the positive charge in the A-SAMs as length of the A-SAM molecule increases, 
i.e. with an increased intermolecular spacing between transferred charge and protonated group. The 
calculated Coulombic binding energy difference is significant (𝛥𝐸coul, -852 meV for TMA, -715 meV 
for TMDA, and -613 meV for TMTA) and was calculated with the relaxed geometries of the dimers 
using the atomic Hirshfeld charges of the separated relaxed molecules in gas phase 𝑞𝑖
𝐷 and 𝑞𝑗
𝐴 with 
Equation 26 and Equation 27.[188] This trend can only be observed when the protonation indeed occurs 
at N1 position in A-SAMs. The varying Coulombic 𝛥𝐸coul binding energy of these transferred charges 
can explain the varying degree of doping effect from the different A-SAMs. While it is obviously higher 
than the thermal energy at RT condition (kBT=25.7 meV). However, just like band-to-band excitations 
occurs for semiconductors with band gaps much greater than kBT, the release of these transferred 
charges into mobile transport states is thermally activated at any given temperature greater than 0K. 
The smaller this binding energy 𝛥𝐸coul is the more charges will be thermally activated, and the larger 
the apparent doping effect will be (TMTA has the smallest 𝛥𝐸coul; TMA the highest 𝛥𝐸coul). 
Note, that the absolute values of these binding energies are only as accurate as the model that yield 
them, including the uncertainty of the exact dielectric polarization effects. The most important result is 
that the binding energy varies systematically with the length of the A-SAM molecule leading to the 
generation of mobile charges. These mobile charges are added to the interface and can accumulate and 
contribute to the channel charges, and therefore, the threshold voltage which is the minimum required 
voltage for formation of a complete channel can be shifted (see also discussion in section 4.2.4).[115] 
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Figure 111. Frontier orbitals of the SAM/PTCDI-C8 dimer with (a) TMA and (b) TMTA. For both 
system, an electron is transferred from near the protonated amino group in the A-SAM molecule to the 
PTCDI-C8 molecule. The unoccupied LUMO is widely localized at the protonated amino group in the 
A-SAM molecule referring to its cationic state. The SOMO is localized at the core of the PTCDI-C8 
molecule referring to its anionic state 
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In section 4.2.4, we estimate the number of mobile carriers induced by surface deposited A-SAM 
materials. Here, to confirm the theoretical simulation results we try to calculate the number of mobile 
carriers induced by SAMs which are treated on the gate oxides. We assume that SAM does not change 
total 𝐶𝑜𝑥  since 𝐶𝑆𝐴𝑀 >> 𝐶𝑜𝑥 . Therefore, the extra mobile 𝑄𝑎𝑐𝑐  is as below where 𝐶𝑆𝐴𝑀  is a 
capacitance of SAMs and 𝑉𝑆𝐴𝑀  is an electrostatic potential induced by SAMs. 
 
 𝑄𝑚𝑜𝑏
𝑑𝑜𝑝
=𝐶𝑆𝐴𝑀𝑉𝑆𝐴𝑀 = ∆𝑉𝑡ℎ𝐶𝑜𝑥 Equation 28 
 
From Equation 28, the number of induced mobile carriers by SAMs can be estimated from 𝑁𝑚𝑜𝑏
𝑑𝑜𝑝
=
∆𝑉𝑡ℎ𝐶𝑜𝑥/𝑒 where ∆𝑉𝑡ℎ is the threshold voltage shift between undoped and doped devices, Ci is the 
gate capacitance of 10 nFcm-2, and e is the elementary charge.[189] As shown in Table 16 and Figure 
112, the density of the so-calculated mobile carriers increases with increasing numbers of amino groups 
on A-SAMs (3.75×1011 cm-2 for TMA, 1.56×1012 cm-2 for TMDA, and 3.06×1012 cm-2 for TMTA) in 
accordance with the simulation result, while no mobile carriers are generated from C-SAMs. In 
summary, based on the theoretical calculations and experimental data from the XPS, we for the first 
time confirm that the mobile carriers are induced by the charge transfer from the protonated A-SAM 
molecule and can be the major contributor to shift the threshold voltage of PTCDI-C8 OFETs fabricated 
on A-SAM-treated surfaces. 
 
Table 16. The mobile carrier density induced by SAMs of OFETs fabricated on various SAM-treated 
surfaces estimated from 𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
=∆𝑽𝒕𝒉𝑪𝒐𝒙. 
 Bare BTMS OTMS DDTMS ODTMS TMA TMDA TMTA 
∆𝑽𝒕𝒉 (V) 0 3.86 -0.28 -0.66 6.03 4.07 -8.44 -20.44 
𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
 (×1012 cm-2) 0.00 -0.24 0.02 0.04 -0.38 -0.25 0.53 1.28 
 
 𝐸coul =
1
4𝜋𝜀0
∑
𝑞𝑖
𝐷𝑞𝑗
𝐴
|𝑹𝑖
𝐷 − 𝑹𝑗
𝐴|
𝑖,𝑗
 Equation 26 
 
𝛥𝐸coul = 𝐸coul(A-SAM
+, PTCDI-) - 𝐸coul(A-SAM, PTCDI) Equation 27 
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Figure 112. The mobile carrier density induced by SAMs of OFETs fabricated on various SAM-treated 
surfaces estimated from 𝑁𝑚𝑜𝑏
𝑑𝑜𝑝
=∆𝑉𝑡ℎ𝐶𝑜𝑥.  
 
To further corroborate the hypothesis that the shift in the threshold voltage of OFETs fabricated on A-
SAM-treated substrates is indeed related to the length of aminoalkyl group, 3-
(trimethoxysilyl)propylamine (TEA) and TEDA were additionally applied to the gate oxide surfaces of 
PTCDI-C8 OFETs. TEA and TEDA consist of triethoxymethanol silane group and contain the same 
number of amino groups as TMA and TMDA, respectively. As shown in Figure 113, the OFETs 
fabricated on the substrates treated by A-SAMs with the same number of amino group resulted in the 
similar Id-Vg characteristics and onset and threshold voltages. Thus, we believe that the amount of 
threshold voltage shift is indeed related to the length of aminoalkyl chain in the A-SAMs. 
 
 
Figure 113. (a) The Id-Vg characteristics, (b) the onset voltage, and (c) the threshold voltage of OFETs 
fabricated with PTCDI-C8 films (25 nm thickness) deposited on A-SAM-treated SiO2 surfaces.  
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4.3.4. Memristive effects in PTCDI-C8 devices on ODTMS 
In this section, we briefly discuss an interesting observation that was made for PTCDI-C8 films on the 
ODTMS-treated substrates. Two-terminal devices of these films show a clear memristive effect. A 
memristor (memory+resistor) was theoretically introduced by Chua[190] and is a non-linear passive 
electrical component with two terminals, and represents, at least in the version proposed by Chua, a link 
between electric charge and magnetic flux. Memristors are considered technologically import for the 
modelling of artificial synapses and are thus potential electronic representations of such junctions in 
neural network architectures. In addition, they could be applied as digital memory, logic circuits, and 
biological and neuromorphic systems in general. 
The electrical resistance of memristor is not constant but is determined by the amount of current which 
has flowed in the past. A typical memristive behavior involves the detection of a double hysteresis loop 
in the I-V characteristics as schematically shown in Figure 114. The devices shown in Figure 115a 
were initially fabricated to be able to measure the conductivity of each film on SAM-treated substrates 
independently from the floating gate electrode in the transistor. However, the morphology of films on 
glass substrates was obviously different from that of films on SiO2 substrates as shown in Figure 116. 
Overall, the grains were found to have a much smaller size on glass substrates than on SiO2 substrates. 
As we discussed before, since the charge transport is significantly affected by the morphology of films, 
and we could therefore not directly compare the conductivity measured in the 2-terminal devices 
fabricated on glass substrates to the electrical properties of the devices fabricated on SiO2 substrates. 
 
 
Figure 114. Typical I-V characteristics of memristors.[191,192] 
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Figure 115. The memristive effect of PTCDI-C8 films on ODTMS-treated substrates. (a) The device 
schematics of PTCDI-C8 films on ODTMS-treated substrates. (b) I-V characteristics of PTCDI-C8 
films on ODTMS-treated substrates with sweeping 20 times. (c) I-V characteristics and (d) abs(I)-V 
characteristics of PTCDI-C8 films on ODTMS-treated substrates with differing sweep ranges from 
±10 V to ±100 V. (e) I-V characteristics and (f) abs(I)-V characteristics of TMDA doped PTCDI-C8 
films on ODTMS-treated substrates with differing sweep ranges from ±10 V to ±50 V. The vaporization 
time of TMDA was 45 min. 
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PTCDI-C8 devices on ODTMS-treated glass substrates resulted in the very stable curves with 
memristor-like double hysteresis loops but also showed the lowest currents (~10-9 A) among all tested 
devices (Figure 115b). As shown in Figure 117, other PTCDI-C8 devices on SAM-treated glass 
substrates showed nearly linear I-V characteristics with only small hysteresis. It is unclear whether the 
memristive behavior is linked to the low current in PTCDI-C8 devices on ODTMS-treated glass 
substrates even though the effect is to some extend also visible in the other devices. By increasing a 
range of applied voltages from ±10 V to ±100 V, the current was found to increase as shown in Figure 
115c and d.  
To enhance the low current of PTCDI-C8 devices on ODTMS-treated glass substrates, we tried to 
vaporize TMDA for 45 min. As shown in Figure 115e, the current at 50 V increased almost 4 orders of 
magnitude compared to devices without the addition TMDA doping, and the memristive curve shapes 
are maintained including in the abs(I)-V characteristics of the devices (Figure 115f). This is likely due 
to extra mobile charges added by TMDA that amplify the effect. Further investigations are needed to 
study the effect thoroughly, but the observed memristive behavior of PTCDI-C8 devices on ODTMS-
treated glass substrates can serve as a promising starting point for such studies.  
 
 
Figure 116. AFM images of PTCDI-C8 films deposited on (a) OTMS, (b) DDTMS, (c) ODTMS, (d) 
TMA, (e) TMDA, and (f) TMTA-treated glass substrates (nominally 2 nm thickness). 
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Figure 117. The I-V characteristics of PTCDI-C8 films on (a) bare glass substrates and glass substrates 
treated by (b) OTMS, (c) ODTMS, (d) TMA, (e) TMDA, and (f) TMTA with sweeping 20 times. 
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4.3.5. Summary 
We successfully enhanced the electrical performance metrics of n-channel OFETs through the 
modification of the gate oxide with various SAMs, C-SAMs and A-SAMs. Among the tested SAM 
materials, TMA and TMDA treatment of the gate oxide was found to be the most suitable for operation 
by lower voltages with high carrier mobility.  
Since the surface properties of SAM-treated surfaces are different from each other, PTCDI-C8 films 
were found to grow differently on each surface. The mobility of OFETs fabricated on A-SAM-treated 
surfaces was significantly higher than that of OFET fabricated on C-SAM-treated surfaces (with the 
exception of ODTMS), which might be due to more closed first layer morphologies and more 
interconnected grains in the second layer (less ground boundaries) but also less diffusion limited growth 
(rounder island shapes). However, since roughness of OSC films was also slightly increased, likely due 
to the stronger interaction between PTCDI-C8 and the A-SAM molecules, the mobility of OFETs 
fabricated on A-SAM-treated surfaces was found to slightly decrease when the number of amino groups 
on the A-SAM molecules increased.  
However, more importantly, the desired doping effect—a control of the threshold voltage towards zero 
volt—significantly increased with the number of amino groups in A-SAMs. Based on theoretical 
modeling of the experimental results we confirmed that most likely one electron is transferred from the 
protonated amino group on each A-SAM molecule, leading to the observed doping effect. The dipole 
moment values of the polar A-SAM molecules could not explain the observed threshold voltage shift. 
This should help furthering the ongoing discussion in literature on the nature and origin of threshold 
voltage shifts as observed for OFETs with polar SAM gate dielectric treatments.[22,86] At least for amino-
functionalized SAM materials, the theoretical calculations strongly suggest charge transfer and are 
consistent with the observed direction of the threshold voltage shifts. 
Even though TMTA-treated substrates produce large shifts in threshold voltage of PTCDI-C8 OFETs 
by supplying more mobile carriers, the field-effect mobility was the highest (by a slight margin) when 
using TMA-treated substrates (single amine group). Therefore, to optimize OFET performances 
through modification of the gate oxide by SAMs with functional groups both the OSC film growth 
kinetics and the interaction between the OSC and the functional groups of the SAMs should be 
considered. The A-SAM-treated gate oxide could be applied for other n-channel devices as well to 
achieve high n-type electrical performances. Furthermore, new A-SAM molecules could be designed 
to utilize the findings from this study – stable charge transfer from the lowest (closest to the anchor 
group) amino group with growth-promoting terminal functional groups.
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4.4. Comparison of the surface doping and the modification of the 
gate dielectric   
As discussed in the last sections, we were able to successfully improve the OFET performance by 
applying A-SAMs either on top of the organic semiconductor (surface doping) or by locating them 
under the organic semiconductor film in form of a dielectric surface modification. Here, we try to 
compare the degree of improvement of the OFET performance for these two treatment methods and 
will discuss the pros and cons of either method.  
 
4.4.1. The reliability factor of OFETs 
As discussed in the 2.2.5.2 one can calculate a OFET reliability factor that helps to assess the OFET 
I(V) curve quality by following equation (Equation 29)[104] where μsat is the mobility as measured from 
the transfer curve (claimed), L, W and Ci are the device geometry parameters, and |ISD|max is the 
experimental maximum source–drain current reached at the maximum gate voltage |VG| max. ISD0 denotes 
the source–drain current at VG = 0. A close-to-ideal FET operation would corresponds to r = 1 (or 100% 
as in the paper), which is well described by the Shockley model and thus allows the most confident 
carrier mobility extraction. 
 
 𝑟𝑠𝑎𝑡 =
(
√|𝐼𝑠𝑑|
𝑚𝑎𝑥 − √|𝐼𝑠𝑑|
0
|𝑉𝑔|
𝑚𝑎𝑥 )
2
(
𝑊𝐶𝑖
2𝐿 𝜇𝑠𝑎𝑡)𝑐𝑙𝑎𝑖𝑚𝑒𝑑
=
(
√|𝐼𝑠𝑑|
𝑚𝑎𝑥 − √|𝐼𝑠𝑑|
0
|𝑉𝑔|
𝑚𝑎𝑥 )
2
(
𝜕√|𝐼𝑠𝑑|
𝜕𝑉𝑔
)
𝑐𝑙𝑎𝑖𝑚𝑒𝑑
2  
Equation 29 
 
 
Here, we compare the reliability factors of transistors which are either A-SAM surface doped or 
fabricated on A-SAM-treated substrates using Equation 29. The reliability factors of the surface doped 
transistors with TMA and TEDA and the transistors fabricated on SAM-treated oxides are shown in 
Figure 118a and b, respectively. In Figure 118, it can be seen that the pristine PTCDI-C8 device has a 
reliability factor of only around 0.65. The original paper proposing the reliability factor suggests that 
high quality OFETs should at least exhibit a reliability value of 0.75.[104] After surface doping of TMA, 
TMDA and TMTA the reliability factor begins to increase towards 1. The reliability factor of all of the 
devices shows similar values of around 0.85, 0.88, and 0.88 after doping with TMA, TMDA, and TMTA, 
respectively. We also compare the reliability factor of both PTCDI-C8 and N2200 FETs as a function 
of TEDA doping concentration/time. The reliability factor of both devices is found to be increased from  
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Figure 118. Reliability factor estimated by Equation 29 for PTCDI-C8 transistors (a) surface doped by 
TMA, TMDA and TMDA for 60 min and (b) fabricated on bare SiO2, and ODTMS, TMA, TMDA and 
TMDA-treated SiO2 substrates.   
 
0.5 to 0.9. It is obvious that surface doping of A-SAMs increases the reliability factor of n-channel 
OFETs.  
The reliability factor was then calculated for the PTCDI-C8 transistors fabricated on bare SiO2 and the 
ODTMS, TMA, TMDA and TMDA-treated SiO2 substrates. The reliability factor of transistors 
fabricated on bare SiO2 (0.7) is higher than that of transistors fabricated on ODTMS and TMA-treated 
surfaces (0.5). In a carrier mobility aspect, transistors fabricated on ODTMS and TMA-treated surfaces 
are the first and second best devices (4.3.2). 
However, this reliability factor depends more on the threshold voltage than the carrier mobility, and the 
bare SiO2-based devices with lower threshold voltage therefore have a closer value to 1. The OFETs 
fabricated on ODTMS and TMA-treated surfaces definitely have the disadvantage of a higher threshold 
voltage and not showing ideal transistor behaviors following the Shockley assumptions. Interestingly, 
the reliability factor increases with increasing numbers of amino groups on A-SAMs. This also follows 
the trend of threshold voltage shifts. For OFETs fabricated on TMDA and TMTA-treated surfaces the 
reliability factor is 0.90 and 1, respectively, which is the closest number to ideal value 1 that could be 
obtained in this work. Therefore, for showing the ideal Shockley device behavior with linear √Id-Vg 
characteristics and zero threshold voltage, either TMDA or TMTA-treated devices achieve excellent 
values in both approaches: surface doping and gate dielectrics modification. 
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Figure 119. Reliability factor estimated by Equation 29 of the PTCDI-C8 and N2200 transistors as a 
function of TEDA doping time. 
 
Using either approach, the reliability factor of OFETs was generally improved with the A-SAM 
treatments. Using TMA, TMDA, and TMTA the surface doped transistors and the transistors fabricated 
on A-SAM-treated substrates show reliability factors of 0.85~0.88 and 0.5~1, respectively. When we 
vaporized the surface dopants on top of PTCDI-C8 transistors, similarly enhanced device performances 
are achieved by using any of the tested A-SAMs. On the other hand, applying A-SAMs on the gate 
oxide surfaces the performance and ideality of transistors varied with the type of A-SAMs. This could 
also possibly be because in case of modification of the oxide surfaces, only a certain amount can be 
grown on the gate dielectric surfaces (self-limiting SAM growth) whereas in the surface doping case, a 
much greater amount can be introduced into the OSC films. Despite this limitation, it is surprising that 
the transistors fabricated on TMDA and TMTA-treated oxides are found to show higher reliability factor 
values than the surface doped devices. Accordingly, to effectively modify the gate oxide with SAM 
materials with polar functional groups we need to investigate and take into account the detailed 
properties of the SAMs. 
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4.4.2. The threshold voltages and field-effect mobility of OFETs 
The threshold voltage and the carrier mobility of OFETs can be significantly enhanced through both 
approaches (surface doping and surface modification of the gate oxide) with A-SAMs as discussed in 
the last sections. The threshold voltage of pristine PTCDI-C8 OFETs is around 15 V independent of the 
substrate temperatures during deposition of PTCDI-C8 (Table 17, the data is from the section 4.2.4). 
After surface doping of TMA, TMDA, and TMTA for 60 min, the threshold voltage of all of the devices 
is shifted to small values of 2~3 V. On the other hand, the threshold voltage of transistors fabricated on 
TMA, TMDA, and TMTA-treated substrates is 15.7 V, 3.2 V, and -8.8 V, respectively (Table 18, the 
data is from the section 4.3.2). Among the employed A-SAM materials, TMDA is the most potent in 
decreasing the threshold voltage. Using TMA to treat the dielectric substrates is not beneficial for 
PTCDI-C8 transistors with respect to the threshold voltage because the values is similar to the result of 
ODTMS-treated substrates (17.7 V). With TMTA-treated substrates, the threshold voltage is shifted too 
much to be a desirable PTCDI-C8 OFETs with low operating voltages, but TMTA-treated substrates 
might enable the threshold voltage to shift to near zero volt when used with other OSC materials with 
more trap states or higher LUMO energy level. Both A-SAM processing methods successfully control 
the threshold voltage of OFETs. However, since the surface doping effect on the threshold voltage 
decreases when the OSC film morphology is closed (as we mentioned already), the modification of the 
gate oxide could therefore be more suitable for densely grown films.  
While we carried out the experiments for each of the tables above at the same time, we did not perform 
the device fabrication process and the electrical measurements for the surface doping (Table 17) and 
modification of the gate dielectric methods (Table 18) at the same time. It is, therefore, difficult to judge 
whether the mobility differences between the two methods are real or due to batch-to-batch differences. 
However, notably the threshold voltages resulting from the two different methods are fairly similar. 
This is because the carrier mobility is mainly determined by the first few OSC layers’ morphology 
which is very sensitively influenced by the substrate surface property and the OSC deposition condition. 
When PTCDI-C8 is deposited at 120 °C on ODTMS surfaces, the mobility value is 0.37 cm2V-1s-1 for 
the surface doped samples (Table 17) and 0.22 cm2V-1s-1 for the samples with modified gate dielectric 
(Table 18). Thus, we could not directly compare the mobility values but it seems that an increase in the 
mobility of surface doped devices is more or less higher (3.5 times increase for 60 °C films and 1.3 
times increase for 120 °C films) than devices fabricated on TMA-treated substrates (1.3 times increase 
than ODTMS-treated substrates). However, the mobility enhancement by surface doping is strongly 
impacted by the pristine film morphology as we discussed (4.2.4) while the mobility, in case of the gate 
oxide modification, can be varied by the surface property of SAM-treated substrates. Therefore, the 
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morphological property of OSC films need to be studied to optimize the mobility by both methods. 
In brief, both approaches of incorporating A-SAM materials into PTCDI-C8 OFETs improve the 
mobility values by a similar extent (but only TMA in case of the gate oxide modification). If the films 
provide sufficient pathways for A-SAM material permeation, surface doping would be recommended 
whereas if the films are closed, the oxide modification could be a better approach. However, it is worth 
pointing out that one has to consider that gate oxide modifications can induce unpredictable 
morphological changes that can result in either better or worse mobility.    
 
Table 17. Electrical characteristics of PTCDI-C8 OFETs with or without Surface doping of A-SAMs 
from the section 4.2.4. The values are averaged from five devices. 
 Deposition of PTCDI-C8 at 60 °C Deposition of PTCDI-C8 at 120 °C 
 
Pristine 
(ODTMS) 
TMA 
doping 
TMDA 
doping 
TMTA 
doping 
Pristine 
(ODTMS) 
TMA 
doping 
TMDA 
doping 
TMTA 
doping 
µ (cm2V-1s-1) 0.0821 0.2814 0.2967 0.3003 0.3773 0.4993 0.4896 0.4807 
Von (V) 4 0 0 0 4.6 0.6 0 0 
Vth  (V) 15.36 3.34 2.92 2.43 14.97 3.56 3.38 2.72 
N
trap
 (1012 cm-2) 
0.71 0.21 0.18 0.15 0.65 0.18 0.21 0.17 
𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
 (×1012 cm-2) 0 0.75 0.78 0.81 0 0.71 0.72 0.77 
 
Table 18. Electrical characteristics of PTCDI-C8 OFETs fabricated on ODTMS and A-SAM-treated 
gate oxide from the section 4.3.2. The values are averaged from five devices. 
 Deposition of PTCDI-C8 at 120 °C 
 ODTMS TMA TMDA TMTA 
µ (cm2V-1s-1) 0.22 0.30 0.17 0.12 
Von (V) 8 0 -19 -41 
Vth  (V) 17.65 15.69 3.18 -8.82 
N
trap
 (1012 cm-2) 0.60 0.98 1.38 2.01 
𝑵𝒎𝒐𝒃
𝒅𝒐𝒑
 (×1012 cm-2) 0 0.12 0.90 1.65 
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4.4.3. Density of Interfacial trap sites and SAM induced mobile carriers  
The interfacial trap density estimated from Vth-Von and the mobile carriers induced by the A-SAMs as 
obtained from ∆Vth (the difference between the Vth of OFETs fabricated on ODTMS-treated oxides and 
the Vth of OFETs fabricated on A-SAM-treated oxides) are shown in Table 17 and Table 18. These 
values can be compared more realistically than the mobility values since they are related to Von and Vth 
which were similarly for both experimental sets (N
trap
 = 0.6~0.7×1012 cm-2 for the respective reference 
ODTMS substrates).  
The density of interfacial trap sites is reduced to 0.2×1012 cm-2 after deposition of any A-SAMs on top 
of OFETs. On the other hand, the density of trap sites increases in a range of 0.98~2.01×1012 cm-2 when 
OFETs are fabricated on A-SAM-treated oxides as we discussed in section 4.3.2. This difference could 
be because the density of trap sites is directly related to the surface properties of the gate dielectric layer. 
For example, the polar amino groups on the A-SAM-modified SiO2 surface might absorb more water 
molecules (the surfaces are more hydrophilic). In addition, the A-SAMs also slightly increase the 
roughness of the dielectric surface. Thus, in order to reduce the density of trap density surface doping 
is recommended in combination with hydrophobic dielectric substrates such as ODTMS-treated SiO2. 
Finally, we compare the number of mobile carriers induced by A-SAMs which are introduced to the 
channel region of the devices by the two treatment approaches. The number of mobile carriers induced 
by A-SAMs is 0.75×1012 cm-2 for surface doping (this value is averaged from the TMA, TMDA and 
TMTA-doped OFETs) and 0.12×1012 cm-2, 0.90×1012 cm-2 and 1.65×1012 cm-2 for OFETs fabricated on 
TMA, TMDA, and TMTA-treated oxides, respectively. When TMTA-treated oxides are used, the 
number of SAM-induced additional mobile carriers is similar to surface doped devices. The TMTA-
treated oxides result in higher number of mobile charges while TMA-treated oxides induce less. This 
means that the number of mobile additional mobile carriers does depend on the way by which the A-
SAMs are introduced into the OFETs. The TMTA gate oxide modification induces more mobile carriers 
than the corresponding surface doping method while it is the other way around for TMA (surface doping 
induces more extra mobile carriers) However, when too many mobile carriers are added by the A-SAMs, 
the threshold voltage can shift past the 0 V mark which is undesirable. In case of TMTA-treated oxides 
this produces PTCDI-C8 OFETs with Vth = -8.82 V. Therefore, we need to consider the balance between 
how to introduce A-SAMs and the number of mobile carriers which can be induced by A-SAMs.  
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4.4.4. Summary 
We compared the effectiveness of both SAM introduction methods - surface doping and surface 
modification of the gate oxide - with the reliability factor and the evaluation parameters of OFET 
performance. After A-SAMs are introduced, the PTCDI-C8 OFET performance metrics are altered for 
either method and for each tested type of A-SAMs. For the reliability factor of devices and the threshold 
voltage, surface doping (by any A-SAMs) and TMDA-treated substrates are highly recommended, 
resulting in the highest ideality of devices (0.85~0.90) and a low threshold voltage (2~3 V). Surface 
doping (by any A-SAMs) and TMA-treated oxides show higher field-effect mobility than other SAM-
treated substrates. The density of interfacial trap sites is reduced by surface doping with any A-SAMs 
but slightly increased when using A-SAM-treated oxides. Though the TMTA-treated gate oxides induce 
the highest number of extra mobile carriers, they also shift the threshold voltage too much.  
Accordingly, it is worth noting to effectively enhance the electrical performances of OFETs by SAM 
materials with polar functional group as follows: i) more detailed properties of the SAMs have to be 
taken into account, ii) morphological property of OSC films should be considered if the morphology of 
OSC film is highly closed, the gate oxide modification by SAMs might be more suitable, iii) we also 
have to consider that the gate oxide modification could induce unpredictable morphological changes, 
resulting a better or worse mobility, iv) surface doping is highly recommended with hydrophobic 
substrates to decrease the density of interfacial trap density, (v) lastly, we need to consider both which 
one is the better way to introduce for A-SAMs and how many mobile carriers can be induced by the A-
SAMs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5. Conclusion 
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In this thesis, we focused on two approaches to enhance the electrical transport properties of n-channel 
OFETs - surface doping and surface modification of the gate oxide. Aminosilanes were used to dope 
OSCs and modify the gate oxide since they were previously known to show one of the desirable n-type 
doping effect (a threshold voltage shift to the negative direction and towards zero). To elucidate the 
mechanism behind both surface doping and surface modification of the gate oxide by aminosilanes we 
extensively studied both with varying materials and film deposition conditions.  
After surface doping of A-SAMs on PTCDI-C8 and N2200 FETs, the electrical performance as assessed 
by the on-current, the field-effect mobility, the onset and threshold voltages, and the on-off ratio 
improved for devices made from both materials. This was verified to not having been caused by 
structural changes which could in general induce undesirable side effects as well. In addition, the doping 
effect seems to be related to the number of amino groups in A-SAMs. Since surface dopants are 
introduced from the top of OSC films or devices, their effect could be impacted by the OSC film 
morphology. Indeed, with increasing grain size and thickness of the OSC films, the efficiency of the 
surface doping effect decreased or higher concentrations/treatment times of dopant molecules were 
required to achieve the same value of field-effect mobility or threshold voltage.  
Interestingly, we observed that the saturation of mobility value required less concentration/treatment 
time of dopants than the saturation of threshold voltage. We speculate that when the A-SAMs are 
deposited on top of the OFETs, the electron mobility is increased because the small A-SAM molecules 
diffuse into the film primarily through the grain boundaries. They will then accumulate at the grain 
boundaries thereby improving grain connectivity at low doping concentrations. When applying higher 
doping concentrations of A-SAMs, deep traps that exist at the dielectric surface start to be reached and 
become compensated, inducing a reduction of the on-voltage to threshold voltage gap. An important 
general finding was that in order to maximize the surface doping effect, the chemical structure of the 
A-SAM must be taken into account as much as the morphological details of the OSC film.  
Secondly, we investigate the effect of gate oxide modifications by various kinds of SAM materials, 
including the A-SAMs used in surface doping, on the OSC morphology and the corresponding OFET 
performance. We identified that the OSC growth kinetics and the observed device performance were 
strongly related to the different surface energy properties of the SAM-treated gate oxides. Since the 
electron mobility is mainly determined by the first few layers’ morphology, the devices based on 
PTCDI-C8 films with the most closed morphology (less voids) that formed on TMA and ODTMS-
treated oxides showed the first and second highest mobility, respectively. On the other hand, the 
threshold voltage was shifted to more negative values when the number of amino groups on the A-
SAMs was higher (C-SAM-treated substrates did not induce the shift in the threshold voltage). Based 
on theoretical modeling of the experimental results, we confirm that most likely one electron is 
transferred from the protonated amino group on each A-SAM molecule, leading to the observed 
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threshold voltage shift. The transferred electron is less strongly bound to the positive charge of A-SAMs 
when the protonated amino group (which locates near the silane group) is more distant from the PTCDI-
C8 molecule (TMA<TMDA<TMTA). The transferred electrons are thermally activated and become 
mobile, contributing to the measured shift in the threshold voltage to the negative direction. Drawing a 
conclusion for the gate oxide modification approach, we found it is important to consider the OSC 
growth kinetics and the interaction between SAMs and OSCs in order to optimize OFET performance. 
Both, the surface doping and surface modification of the gate oxide approaches have individual pros 
and cons. Generally, surface doping with A-SAMs resulted in similar saturation values of the operating 
voltage and the mobility after specific concentrations/treatment times. On the other hand, with the 
surface modification of the gate oxide by SAMs, the mobility and the threshold voltage of the resulting 
OFETs were found to be significantly different, depending on the used SAMs. The surface doping effect 
was found to be reduced when the OSC films had more closed morphologies because it is difficult for 
dopant molecules to reach the channel. Using the surface modification of the gate oxide enabled the 
OFET performance to be controlled regardless of the OSC morphology. However, with this approach 
the OSC morphology itself varies for each SAM-treated substrates and while a specific SAM 
modification could potentially produce the desired electronic effect (transfer charges) it could also 
detrimentally alter the way the OSC grows on the substrate and in that, for example, lead to a reduction 
in mobility. Therefore, one needs to take into account the surface properties of SAM-treated substrates 
and the resulting OSC film structure and pick the most suitable method to introduce the SAM material 
to the OFET (either doping or oxide modification) in order to obtain optimized device performances.  
Our study strongly suggests that both surface doping and surface modification of the gate oxide with 
A-SAMs could be fairly general and enhance other semiconductor-based electronic device 
performances. Furthermore, new A-SAM molecules could be designed to utilize the important finding 
from the gate oxide modification study – a stable charge transfer from the lowest protonated (closest to 
the anchor group) amino group with growth-promoting terminal functional groups. In addition, other 
types of SAMs with proper polar functional groups also could be designed and applied to electronic 
devices through both approaches. We hope our study will be broadly helpful to the development and 
future research on high performance OFETs. 
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